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Abstract 
 
Rectification of microwave signals to generate DC (Direct Current) power has become the 
subject of research since the 1950’s. Radio Frequency (RF) energy harvesting has 
experienced a rapid development in recent years due to the increasing number of RF 
transmitter sources producing an abundant ambient microwave energy waste. 
 Furthermore, the development of wireless power transmission (WPT) technologies has 
triggered impetus for RF energy harvesting. Hence, RF energy scavenging is a promising 
solution as it has the potential to provide a sustainable energy source to meet upcoming 
demands. 
Efficient ambient RF energy scavenging is a very challenging issue, as it deals with the low 
RF power levels available in the environment. The scavengeable power levels are generally 
unknown and can vary unpredictably; therefore sparking research interest to develop highly 
sensitive RF energy scavengers to capture ambient RF signals over a range of low input 
power levels.  
This research focuses on a real life RF energy scavenging approach to generate electrical 
power in urban environments. It aims to develop highly sensitive and efficient ambient RF 
energy scavenging system and method to harvest a broad range of very low level ambient RF 
power. 
The feasibility of RF energy harvesting through field measurements and maximum available 
power analysis in metropolitan areas of Melbourne, Australia is investigated. Scavengeable 
ambient frequency sources with their associated available RF power levels were identified. 
RF field investigations and analysis identified the scavengeable levels of ambient RF power 
are lower than previous published works. Available bands vary considerably from location to 
location which are highly incoherent and are effected by environmental/free-space 
  
 
conditions. Furthermore, it is demonstrated that commercial frequency bands such as FM (88-
108 MHz) and TV (470-890 MHz) provide optimal sources for power scavenging due to their 
suitable level of the ambient power at a variety of locations. Furthermore, cellular and 
wireless communication systems (800-1000 MHz) are recommended as alternative power 
scavenging sources.  
In order to investigate the feasibility of harvesting ambient EM (electromagnetic) energy 
from multiple sources (broadcasting and cellular systems) simultaneously, a new highly 
sensitive multi-resonant rectifier is proposed operating over a broad input power range (−40 
to −10 dBm). The measurement results demonstrate that a two tone input to the proposed 
dual-band RF energy harvesting system can generate 3.14 and 7.24 times more DC power 
than a single tone at 490 and 860 MHz respectively, resulting in a measured effective 
efficiency of 54.3% for a dual-tone input power of −10 dBm. Real environmental 
measurements indicate the rectifier generates 39.38 µW by harvesting RF energy from two 
bands simultaneously. 
In order to increase the sensitivity and hence the output DC power, harvesting energy over a 
wider frequency band is investigated. Therefore, the feasibility of harvesting ambient EM 
energy from FM broadcasting band is examined. A highly sensitive rectenna is proposed 
which exhibits favourable impedance matching at 89-11 MHz over a broad range of low 
input power െ50 to െ10 dBm (0.01 to 100 µW). The proposed FM rectenna with 22% 
fractional bandwidth delivers a measured power conversion efficiency of 41% with single 
tone of −10 dBm. An innovative idea that arose from these investigations was an evaluation 
of the performance of a rectenna system which was embedded into low profile building 
materials. This enables to harvest ambient RF energy in urban environments, providing a 
unique way of delivering power to many low energy home or office devices. Based on the 
  
 
real environmental measurements, the embedded rectenna in plaster generates 175 μW of DC 
power by harvesting EM energy over the FM frequency band. 
Finally, the effect of multi-tone excitation (with constant total input power) on output DC 
power of the rectifier is analysed to facilitate the comparison between single tone and 
multiple tones. Various factors such as; different frequency spacing, low input power levels 
and random phase (incoherency) arrangements were considered in frequency and time 
domain analysis and also in measurements.  
It is demonstrated that the application of multiple tones simultaneously within the matched 
frequency band and with constant total input power results in a lower total average output 
power when compared with single-tone case with the same input power. 
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Chapter 1 – Introduction  
1.  
 
 
1.1  Introduction 
 
With an ever increasing world population and the implications this has on the carbon 
footprint and energy cost, there is a need to adopt inexpensive and green energy harvesting 
strategies. This is of paramount importance for the conservation of the environment and the 
global economy.  
Hence, implementing green policies by replacing finite sources of energy with renewable 
ones (e.g. solar, wind, vibration and ambient radiation) is a long term solution [1, 2].  
In recent years, Radio Frequency (RF) energy harvesting has attracted widespread interest 
due to the increasing number of RF transmitting sources, which have created an abundance of 
ambient microwave energy sources. These abundant signals are radiated by local 
electromagnetic (EM) sources such as FM radio stations, TV transmitters, cellular systems, 
wireless communication systems, to name a few. Hence, RF energy harvesting can provide 
power continuously. 
Furthermore, the development of wireless power transmission (WPT) technologies has 
triggered impetus for RF energy harvesting. RF energy harvesting has the potential to charge 
batteries or power electronic devices wirelessly; this is especially useful in remote areas, 
where accessibility is a problem, or where it is hard to replace batteries (e.g. bridges, 
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chemical implants, aircraft, etc.). Hence, instead of using batteries which have a limited 
lifespan and result in environmental pollution, RF energy harvesters can provide electrical 
power cleanly, safely, and cheaply. This concept has been around for decades, and since the 
1950’s, devices for powering mobile electronics and wireless sensor networks have evolved. 
A prominent advantage of RF energy scavenging is the ability to convert ambient energy into 
electrical power throughout day and night, both outdoor and indoor. Moreover, RF 
scavenging has the advantage of diffracting from and penetrating inside building materials. 
Although ambient microwave signals have very low energy (compared to wind or solar), they 
radiate energy at all times. RF scavenging can allow for size reduction in the harvesting 
system (compared to photovoltaic cells or wind turbines) in applications where 
miniaturisation is essential. Hence, RF energy harvesting is a promising solution to provide a 
sustainable energy source to meet future demands. 
 
 
1.2 Motivation 
 
This research aims to generate useful electrical power by harvesting very low density RF 
signals which are freely available in the atmosphere. Although considerable advances in 
rectenna (rectifying antenna) designs have been achieved, the vast majority of the published 
work are dedicated to maximising the system efficiency at often high input power levels (e.g. 
WPT scenarios). Only a few attempts at using realistic ambient RF energy levels have been 
reported, however, the achieved efficiencies at ambient power levels were quite low and 
hence not applicable in real environmental cases.  
Moreover, the problems related to input power variation have not been taken into 
consideration which can lead to unexpected behaviour in the matching network due to diode 
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non-linearity. Therefore, the great potential of vast ambient RF energy scavenging 
capabilities has not yet been fully discovered.  
The motivation of this thesis is to develop a highly sensitive and efficient ambient RF energy 
scavenging technique and system to harvest very low ambient RF energies and overcome 
some of the limitations reported in the prior state-of-the-art solutions. It is believed that using 
sensitive rectification devices and harvesting multiple RF signals simultaneously can play a 
vital role in fulfilling this aim. Ultimately, this research hopes to generate a viable energy 
source in urban environments, predominately for low powered applications (e.g. home and 
office devices). 
 
 
1.3 Objectives and Research Questions 
 
This thesis focuses on realistic RF energy scavenging methods to provide electrical energy in 
urban environments. The aim is to develop highly sensitive and efficient RF energy 
scavengers. Hence, this research embarks on several objectives which include the followings:  
 
 Identify scavengeable ambient frequency sources. 
 Design highly sensitive rectifier/rectenna to harvest a broad range of very low 
ambient RF energy.  
 Harvest ambient RF energy from multiple sources simultaneously. 
 Embed an RF energy harvesting system in an appropriate structure (e.g. roof or 
wall). 
 Analyse the effects of multi-tone excitation on the DC output and sensitivity of 
the rectifier. 
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In order to achieve these objectives, several research questions were raised as follows: 
1. What are the suitable ambient frequency bands for energy scavenging and 
their available RF power levels? 
2. What kind of rectifier topology could enhance the sensitivity and the output 
DC power when input RF power is low?  
3. Should the energy harvesting system be a broad bandwidth, multi bandwidth 
or a narrow bandwidth? 
4. What is the effect of increasing the bandwidth on the output DC power and 
sensitivity of the rectenna? 
5. How does applying multi-tones simultaneously affect the output DC power of 
the rectenna? 
6. How does applying multiple tones with constant total input power and with 
different phases and spacing affect the output DC power of the rectifier? 
7. What is the practicality of using RF energy harvesting systems in urban 
environments (e.g. home and office devices)? 
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1.4 Thesis Overview  
 
This thesis aims to investigate the feasibility of RF energy scavenging in Melbourne, 
Australia. Based on real environmental cases, different RF energy scavengers have been 
developed and the practicalities of using them in urban environments have been examined.   
This research presents a sensitive and efficient RF energy harvesting technique and system 
that can scavenge a wide range of very low ambient power levels. (Throughout this work, the 
sensitivity is defined as the minimum power necessary to turn on a rectification circuit.) 
Chapter 2 presents a comprehensive review of state-of-the-art solutions proposed by 
researchers in the scientific literature. This chapter compares various sustainable energy 
harvesting sources and methods and focuses on their associated advantages and 
disadvantages. The review looks explicitly at the EM energy harvesting approaches; ambient 
RF energy scavenging and WPT. The basics of a rectenna system are discussed and various 
rectifier circuit technologies and topologies are reviewed. This chapter also provides a 
comprehensive review of several recent designs for both ambient and WPT techniques. 
 
Chapter 3 investigates the feasibility of harvesting ambient EM energy in metropolitan areas 
of Melbourne, Australia. Several RF field measurement results are collected and averaged to 
establish a comprehensive database. This chapter determines usable frequency ranges with 
their associated scavengeable power levels. Furthermore, maximum available power analysis 
for different frequency bands based on antenna aperture and the number of antennas in a 
given area is provided to estimate the potential of RF energy harvesting. Finally, this chapter 
compares different rectenna configurations and recommends an alternative solution for 
ambient RF energy scavenging based on the RF field measurement and analysis outcomes. 
Chapter 3 answers research question 1 and investigates research question 2. 
Chapter1 - Introduction 
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Chapter 4   discloses a highly sensitive and efficient multi-resonant rectifier. This chapter is 
dedicated to harvesting RF energy from two frequency bands simultaneously: 478–496 and 
852–869 MHz, which are used for broadcasting and cellular systems. These frequency bands 
are selected based on the results and conclusions from Chapter 3. In this chapter RF energy 
scavenging from two bands is proposed to enhance the output DC power and sensitivity by 
scavenging more signals. To clarify the findings, both laboratory and real environmental 
measurements are carried out. Chapter 4 addresses research questions 2 and 3. 
 
Chapter 5 presents RF energy scavenging from the FM frequency band (based on the 
outcomes from Chapter 3). In this chapter the effect of widening the bandwidth on the DC 
output of the rectifier is examined to harvest more RF signals and deliver more power to the 
rectification device (based on the outcomes from Chapter 4), hence, enhancing the output DC 
power and sensitivity. Furthermore, the FM rectenna is embedded into building materials 
(plaster) to provide a sustainable energy source in urban environments for low powered 
applications (e.g. home and office devices). In order to verify the findings, laboratory 
experiments along with real environmental measurements are conducted. A realistic case is 
also presented to estimate the total amount of DC power that could be harvested from outdoor 
and indoor RF signals for a typical building. Chapter 5 answers research questions 4, 5 and 7. 
 
Chapter 6 investigates the effect of multi-tone excitation (with constant total input power) on 
the DC response of the rectifier. The effect of applying multi tones with various factors such 
as: different frequency spacing, low input power levels and random phase arrangement is 
investigated. This chapter presents frequency domain and time domain analysis of the FM 
rectifier (designed in Chapter 5). Measurements are also performed to clarify the findings. 
Chapter 6 addresses research question 6.  
Chapter 7 Concludes this thesis and suggests avenues for future research. 
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1.5 Original Contributions  
 
A summary of the novel and scientific contributions to the existing body of research in the 
field of RF energy harvesting is provided as follows. 
 
 Chapter 3 – The feasibility of harvesting ambient EM energy in metropolitan 
areas of Melbourne, Australia is investigated [P5].  
RF field measurements and analysis of maximum available power in different suburbs 
of Melbourne are conducted, which has not been reported previously. Hence the great 
potential of vast power scavenging capabilities has not yet been fully discovered in 
order to generate a viable energy source in urban environment.  
It is demonstrated that broadcasting frequency ranges (FM and TV) and cellular 
systems are preferred power scavenge sources. These field investigations and analysis 
enable us to design appropriate ambient RF scavengers based on the real 
environmental cases. 
 
 Chapter 4 – A new highly sensitive multi-resonant rectifier is proposed to 
investigate the feasibility of harvesting ambient EM energy from multiple 
sources simultaneously [P1].  
A highly sensitive and efficient multi-resonant rectifier which operates at two 
frequency bands (490 and 860 MHz) and exhibits favourable impedance matching 
over a broad input power range (−40 to −10 dBm) is proposed.  
Measurement results indicate an effective efficiency of 54.3%, and an output DC 
voltage of 772.8 mV is achieved for a multi-tone input power of −10 dBm. 
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Furthermore, the measured output DC power of harvesting RF energy from multiple 
services (broadcasting and cellular systems) concurrently exhibits a 3.14 and 7.24 fold 
increase over single frequency rectification at 490 and 860 MHz respectively. The 
achieved sensitivity and dynamic range demonstrate the usefulness of this innovative 
low input power rectification technique. The proposed dual resonant rectifier takes the 
advantage of harvesting RF energy from multiple sources concurrently to enhance the 
sensitivity, enabling the harvesting of RF energy in urban environments. 
 
 Chapter 5 – The feasibility of harvesting ambient EM energy from the FM 
broadcasting band is examined with a highly sensitive rectenna. An innovative 
idea is also proposed to embed a rectenna system in to the building materials to 
harvest ambient RF energy in urban environments [P2], [P4], [P6], [P7].  
The proposed FM band rectenna achieves a sensitivity of −50 dBm (0.01 µW), which 
to the best of knowledge is the highest sensitivity reported for an ambient energy 
harvester.  
Measurement results of the RF scavenger indicate an output DC power of 0.14 nW for 
a single-tone input power of −50 dBm (0.01 μW). An output DC power of 13.3 nW is 
also achieved from concurrently rectifying seven tones of −50 dBm. The proposed 
broadband rectenna (with 22% fractional bandwidth) takes the advantage of 
delivering multiple signals to the diode, hence harvesting very low density ambient 
signals. 
Furthermore, the practicality of embedding the RF energy harvesting system in 
building materials is investigated, creating a new structurally integrated energy 
scavenging scheme. This enables to provide a sustainable, green, and inexpensive 
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energy source in urban environments predominately for low power applications (e.g. 
home and office devices). 
 
 Chapter 6 – The effect of multi-tone excitation (with constant input power) on 
DC response of the rectifier is investigated [P3].  
The output power of the FM rectifier in presence of multi concurrent tones (with 
constant total input power), is compared to a single-tone case with the same input 
power. Hence, the effect of applying multiple tones with various factors (e.g. 
frequency spacing, input power and etc.) is analysed and measured to prove the 
concept.  
It is demonstrated that, applying multiple tones simultaneously (with constant total 
input power) results in a lower total average output voltage and power, when 
compared to a single-tone case with the same input power. It was found that this was 
mainly due to the change in the signal waveform.  
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Chapter 2 – Literature Review 
  
 
 
1.7 Introduction 
 
This chapter presents a comprehensive review of the state-of-the-art solutions proposed by 
researchers in scientific literature. It compares various sustainable energy sources and focuses 
on an approach to EM (electromagnetic) energy harvesting. The basics of a rectenna 
(rectifying antenna) system is discussed and will be referred later in this thesis. It reviews 
several rectifier circuit technologies and topologies which have been widely utilised in EM 
energy harvesting systems. Finally, this chapter thoroughly reviews two methods of EM 
energy harvesting: WPT (wireless power transmission) and ambient RF energy scavenging.  
 
1.8 Sustainable Energy Sources  
 
The increasing energy demands of the world’s population and the quickly diminishing fossil 
fuel reserves suggest the urgent need to secure alternative green energy resources.  
There are two types of energy harvesting: the first one is called ambient energy harvesting 
which enables systems to harvest green energy from available sources in the environment. In 
the second approach, a dedicated/fixed source is employed to provide the required energy for 
portable devices wirelessly and without any air pollution.  
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Considering the first approach several methods exist for energy harvesting from inexhaustible 
sources such as: solar, mechanical (e.g. wind, kinetic, vibration), thermal, biomass, undersea 
and electromagnetic (EM) waves [1-23]. These sustainable sources of energy are in 
abundance and can be harvested from the environment. A thorough set of reviews for each 
source is given in the literature [1, 2, 4-23]. Table 2.1 compares the output power that can be 
obtained from the environmental sources [1]. As will be discussed, the amount of harvested 
power depends on the environmental conditions. 
 
 
Table 2.1 Comparison of Ambient Energy Sources and Harvested Power [1,5] 
Energy Source Available Input Power Density Output Power Availability 
Ambient Light 
Indoor 
Outdoor 
 
0.1 mW/cm2 
100 mW/cm2 
 
 
     10 μW/cm2 
10 mW/cm2 
 
During day 
Thermal Energy 
Human 
Industrial 
 
20  mW/cm2 
100  mW/cm2 
 
 
30 μW/cm2 
 
1-10 mW/cm2 
 
 
Continuous 
Vibration/Motion 
Human 
Industrial 
 
0.5 m/s2@ 1Hz,  1 m/s2@ 50Hz 
1 m/s2 @ 1Hz,  10 m/s2@ 1KHz 
 
 
4 μW/cm2 
 
100 μW/cm2 
 
Depends on the 
movement 
 
Ambient RF Energy 
 
0.3 μW/cm2 
 
 
0.1 μW/cm2 (Cell 
phone) 
 
Continuous 
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Solar energy is considered as the leading alternative energy source with the pertinent 
challenges of uneven worldwide distribution of usable sunlight as well as periods of no 
sunshine. Solar energy has a high power density during daytime and is hence a good 
scavenging source in areas where there is sufficient sunlight [1, 4, 6-8]. However, the lack of 
strong and consistent sunlight constrains the applications in this method of energy harvesting. 
Furthermore, in order to capture sufficient amounts of ambient solar energy a large area is 
needed for solar panels. This is due to the low conversion efficiency of this type of energy 
harvesting system (10% to 40 %) [5].  
 
Similar to solar, wind power generation has a large number of variables and unpredictability. 
The quantity of energy generated is subject to change according to environmental 
circumstances [1, 4, 10, 11]. 
 
In piezoelectric converters, vibrations cause the deformation of a piezoelectric capacitor and 
hence voltage or current can be produced. In comparison to other energy harvesting devices, 
piezoelectric power generators are quite small and lightweight [5]. However, the output 
power of piezoelectric generators are highly variable when unstable motions (e.g. human 
motions) are utilised as a driving force and they can produce power as long as there is a 
movement. Furthermore, low conversion efficiency of piezoelectric power generators limits 
the applications of this alternative source [1, 4, 13].  
 
Thermal energy is also predominately employed. Based on the thermoelectric effects (e.g. 
Seebeck or Thomson effect) [1, 4, 5, 16-20], electrical power can be produced by extracting 
temperature difference in thermoelectric devices. Thermoelectric generators can produce 
power as long as there is a temperature difference, however they are large and heavy 
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compared to other energy scavenging devices. Moreover, in order to produce sufficient 
output power, a large area is required for thermoelectric devices.  
 
Among these green energy sources, there has been a growing interest for radio frequency 
(RF) energy harvesting due to the advancements in broadcasting and wireless communication 
systems [1, 4, 5, 23-26], creating an abundance of ambient microwave energy. Although, 
ambient RF signals have a relatively low energy density compared to other energy sources 
and are more suited to low power applications, RF signals can be found everywhere and they 
radiate energy continuously. 
Nowadays, there is a great range of ambient RF sources available to us whether in public, 
office or at home. Television, radio, mobile phones, cordless phones, Wi-Fi, GPS, Bluetooth, 
and WiMax are some of the most dominant sources. These ambient microwave energy 
sources are vastly available and radiate freely propagating RF energy and hence have a great 
potential as a scavenge source to complement other green energy sources such as solar 
energy.  
 
Hence, RF energy harvesting has experienced a rapid development in recent years mainly due 
to the increasing number of RF transmitter sources, creating an abundance of ambient 
microwave energy. Furthermore, the development of WPT technologies [26-28] that allow 
micro sensors [29-31], mobile electronic devices [32], wireless implantable neural 
interfaces[33-35] and far-field passive RFID (Radio-frequency identification) [36-40] 
systems to operate without batteries has triggered impetus for RF energy harvesting which 
can provide power continuously. 
Figure 2.1 illustrates RF energy harvesting process. Ambient RF signals are collected from 
various EM sources and then are converted into electrical energy using rectenna. Hence, the 
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output DC energy can be delivered to various applications such as RFID systems and 
implantable devices. 
 
 
 
 
Figure 2.1 RF energy harvesting process. 
 
 
A prominent advantage of RF scavenging is the ability to convert ambient RF energy into 
electrical power throughout day and night, both outdoor and indoor. RF propagating wave 
has the advantage of diffracting from and penetrating inside building materials and hence can 
be harvested inside the buildings as well.  
Furthermore, integrating RF energy harvesting systems with other harvesting technologies 
(e.g. solar cells, piezoelectric) in a hybrid mode can provide an efficient energy regenerating 
solution [41-43]. Moreover, RF scavenging systems have a small form factor and can allow 
for size reduction in the harvesting system, in comparison with other energy sources (e.g. 
photovoltaic cell, wind turbine), in applications where miniaturisation is essential [34].  
Therefore, ambient RF energy scavenging can overcome some of the identified disadvantages 
in the prior state-of-the-art solutions. A thorough set of reviews is given in in Section 2.4, 
providing more detail for this energy harvesting technique. 
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1.9 Electromagnetic Energy Harvesting Systems 
 
Rectification of microwave signals to provide DC power has been the subject of research for 
almost half a century [26, 44-47]. The word rectenna is a compound of “rectifier” and 
“antenna”. An antenna receives RF signals from the air and the rectifier converts the RF 
signals into direct current to obtain electrical power. The concept of wireless energy 
harvesting had been raised by Nikola Tesla and Heinrich Hertz [24, 26, 48-51] and the 
rectenna concept, to produce DC power was initially patented by W.C. Brown in the 19th 
century, which demonstrated a novel RF to DC converter [44].  
 
The general block diagram of the energy harvesting system is depicted in Figure 2.2 [31]. As 
shown, an EM source is responsible for generating and radiating RF/microwave energy into 
free-space (i.e. atmosphere). A receiving antenna captures the propagated RF energy from the 
atmosphere and transfers it to the rectifier circuit via an input filter and a matching network. 
The input filter is responsible for rejecting harmonics generated by the non-linear 
rectification device, avoiding re-radiation of these harmonics back into free-space. The 
matching stage ensures the maximum power is transferred from the source to the rectifier. In 
absence of an impedance matching network, the RF energy captured by the receiving antenna 
will be reflected back to the source, thus little energy is seen at the rectifier. The rectifying 
circuit is the core of an energy harvesting circuit which converts the received RF signals to 
the useful DC power. This circuit includes rectification device (diode/transistor) and 
capacitor. In a typical rectifier design, various topologies and technologies can be employed 
to rectify RF power (this will be discussed later). An output DC pass filter (low pass filter 
(LPF)) is included to provide a clean and levelled DC power by removing AC content and 
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associated ripple that may form at the output of the rectification stage. The output capacitor 
of the LPF can also be used as a storage component.  
 
 
 
 
 
 
Figure 2.2 General block diagram of the RF energy harvesting system (Rectenna). 
 
 
 
1.9.1 Rectifier Circuit Technologies and Topologies  
 
Rectifier plays a vital role in energy-harvesting systems and its related discoveries has been 
granted around 18 Nobel Prizes, demonstrating its importance in our modern society [3]. 
Rectifier technologies fall in to two main categories: diode-based and transistor-based. 
However, transistors are developed based on diode effects. Hence, a diode is the key 
component of any energy converter and can be found in various harvesting system such as 
solar, wind, thermal, kinetic, RF and so on [3].   
Focusing on RF energy harvesting, Schottky Barrier Detector (SBD) are widely utilised in 
microwave rectifiers due to several advantages such as: low threshold voltage (high 
Energy-Harvesting System (Rectenna) 
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efficiency), high saturation current (high output), fast rectifying feature ref (short transit time) 
and low series resistance and junction capacitance [3, 52-54].  
While SBD-rectifiers present numerous advantages, there exist some limitations which 
should be considered in rectifier design [52-54], such as large variation of input impedance 
with input power and frequency, high reverse leakage current, limited junction temperature 
(the maximum junction temperature of a Schottky diode rectifier is normally limited to the 
range of 125°C to 175°C), limited reverse voltage (Schottky diodes have a limited reverse 
voltage capability with a maximum of around 100 V). 
Transistor-based rectifiers also have some advantages and disadvantages. These rectifiers are 
typically very compact and small, as a result of advances in complementary metal-oxide-
semiconductor (CMOS) technology [5]. CMOS technology is widely utilised to design 
integrated circuits (IC) as well as to reduce the leakage current, providing high conversion 
efficiency RF harvesting systems. The small form factor and integrated design, low cost and 
short rise time of the transistor-based rectifiers could make them an optimum solution in 
application where miniaturisation is essential and cost is important; such as in RFID systems. 
However, complicated design procedure and large voltage drops across the transistors 
(especially at low available input powers) need be considered. 
As discussed earlier, the rectifier circuit is the core of any energy harvesting system and its 
sensitivity and efficiency determine the whole system performance. Hence, from a design 
perspective, various topologies such as voltage doublers or multipliers have been employed 
in order to increase the RF to DC conversion efficiency and the output DC voltage for 
specific applications [28, 47, 55-63]. These topologies are transistor-based or diode-based; 
however, diode-based rectifiers are most frequently used and will be focused on in this thesis 
[62]. 
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When the amount of output DC voltage of a rectenna is under the required level to turn on an 
electronic device (e.g. RFID), charge pumps (which are amplitude amplifying circuits) can 
perform RF-DC rectification and boost the output voltage simultaneously [28, 47, 55-63] . 
Therefore, cascaded diode-capacitor stages are used to set up the output voltage to the 
required levels (See Figure 2.3). The idea is to use each stage as a biasing point for the next 
stage, hence increasing the output voltage.  
 
 
Figure 2.3 Charge pump (amplitude amplifying) structure with cascaded diode-capacitor stages [62]. 
 
 
Although, the higher number of multiplier stages typically results in higher output voltage 
levels, these numbers should be determined precisely based on the available input power 
level and to fulfill the design goals for different applications [47]. Due to the power 
consumption and dissipations of diodes and other components, increasing the number of 
rectifying devices may result in a lower output DC power and hence degrading the RF-DC 
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conversion efficiency, specially, at very low input power levels. Therefore, there is a tradeoff 
between the number of multiplier stages, the amount of achievable output DC voltage and 
efficiency. 
Some of the widely utilised topologies are explained in [62] and it should be noted that 
traditional structures can be modified to fulfill the design requirements. 
 
 
1.10 Electromagnetic Energy Harvesting Approaches 
 
There are two methods for EM energy harvesting; ambient energy scavenging from 
environmental scattered RF signals and WPT using a dedicated RF source [23]. The general 
block diagram of the RF energy harvesting system  was shown in Figure 2.2. The only 
difference between WPT and ambient energy scavenging is the electromagnetic (EM) source. 
Electromagnetic (EM) energy source is known in WPT scenario (e.g. a dedicated/fixed 
transmitter) whilst it is unknown in ambient RF scavenging (e.g. broadcasting and wireless 
communication systems). 
 
 
1.10.1 Wireless Power Transmission (WPT) 
 
A process of transmitting energy from an electromagnetic source to a load via air and without 
any wiring is called WPT (wireless power transmission). The first theoretical basis of WPT 
was proposed by Maxwell in the 18th century followed by the first WPT experiment which 
was performed by Nikola Tesla in the 19th century [24, 26, 48-51].  
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2.4.1.1 WPT Categories 
WPT concept can be categorised into two groups: near field and far field [5, 23, 62, 64-66]. 
In near field WPT systems, resonant or inductive coupling methods are utilised to transmit 
power wirelessly. This technique is suitable for power transfer systems over short to medium 
distances. In this scenario, high power can be transmitted efficiently using an electric or 
electromagnetic field (resonant coupling) or only using a magnetic field (inductive coupling).  
 
In far-field WPT systems, antennas are utilised to capture radiated electromagnetic waves and 
rectifiers are used to convert RF energy to DC [5, 23, 62, 67]. This technique is suitable for 
power transfer over short to longer distance (compared to the near field approach due to a 
different attenuation rate).  
In the far-field WPT scenario a dedicated RF source is employed which radiates RF signals at 
a specific frequency and with a certain power level. Various features of the transmitted signal 
are controllable and can be programmed based on requirements, such as effectively isotropic 
radiated power, beam pointing, polarisation of the RF source, etc. 
 
In order to enhance the WPT efficiency, signal design at the transmitting terminal has been 
proposed to excite the rectification device (e.g. diode) more efficiently [27, 47, 68-70]. To 
address this, modulated and chaotic waveforms have been offered as a potential solution to 
increase the rectifier efficiency [47, 71, 72]. It has been proved that a 20% improvement in 
the rectifier efficiency can be achieved using chaotic waveforms instead of using a single 
tone signal. This is due to the fact that chaotic waveform with a higher peak-to-average 
power ratio (PAPR) can overcome the SBD threshold voltage with lower average input RF 
power levels when comparing to the single-tone signal excitation. 
Furthermore, as demonstrated theoretically and experimentally [69, 73], applying multi-sine 
signal (with constant total input power) to the rectifier circuit results in an increased DC 
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output over the single-tone signal excitation (with the same input power), due to a  higher 
PAPR. However, power conversion efficiency (PCE) improvement is limited by the 
rectification device behaviour [47]. Moreover, various parameters should be taken in to 
consideration such as the signal bandwidth, tones spacing, phase arrangement and so on. It 
should be noted that these signal design techniques are not applicable to ambient RF energy 
harvesting where the input waveform is arbitrary. 
 
2.4.1.2 WPT Applications 
From an application point of view, various systems and devices can benefit from WPT, 
including space solar power [6, 74, 75], unmanned helicopters [25], small medical implants 
[33-35], home and office devices [76] and RFID systems [36]. 
WPT over several kilometres has been demonstrated, enabling the future feasibility of space 
solar power (SSP) and solar power satellite (SPS) [74]. For this reason, high wireless power 
transfer technique was proposed using efficient rectennas. The designed SPS system achieved 
a collection efficiency of 92%; however, due to the system losses the total power transfer 
efficiency of around 45% was reported for this system [74]. It should be noted that, due to 
human health hazards and safety regulations [27, 31, 77, 78], the number of applications at 
the high power levels are limited. 
In 1969, William Brown performed a successful experiment using a microwave beam to 
supply power for a small helicopter [25]. In this experiment, a 5 kW magnetron operating at 
2.45 GHz was used as a microwave power source in order to transfer sufficient power to the 
helicopter and enable it to fly continuously for ten hours at an altitude of 50 feet.  
WPT can also provide energy and wireless data transmission simultaneously for intelligent 
medical implants which require small amount of power for continuous performance [33-35]. 
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These medical implants play an important role in detecting and providing health status 
information permanently. 
Home and office devices can also benefit from WPT. A proposed rectenna in [76] describes 
short-range wireless power transmission and reception (See Figure 2.4). A power transmission 
unit (PTU) generates electromagnetic radiation and transmits it to electronic loads over short 
ranges. A power receiving unit (PRU) which is connected to the surface of a device receives 
electromagnetic energy and converts it into electric current. Hence, each device needs to carry 
one or multiple PRUs, and is therefore not suitable from a design perspective. It is also 
possible to make the transmitted power available at further distances with the use of relay units 
at the cost of imposing additional expenses as well as adding complexity to the system. 
Furthermore, it is challenging to deliver sufficient power to portable devices while ensuring 
human safety.  
 
Figure 2.4 Far-field WPT system; short-range WPT and reception for home and office devices [76]. 
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Finally, RFID systems are one of the most dominant applications of WPT technology [36]. 
These passive systems typically require small amount of power (microwatt level) which can 
be provided using a WPT design approach.  
 
2.4.1.3 WPT Rectenna Design 
From a design perspective, the majority of available literature on WPT have been dedicated 
to narrow band rectennas (essentially single-frequency, such as some of the previous section 
rectennas) [25, 33, 62, 74, 76, 79-81], while multi band and broad band structures have not 
often been used in WPT case [34, 82-84]. Since in WPT, sufficient input power level is 
available to turn on the rectification device, rectennas are mostly optimised to operate at a 
single frequency. This results in a higher RF-DC conversion efficiency compared to 
broadband rectennas [47]. Table 2.2 summarises some of the published rectennas for WPT. 
As will be presented, in all the below cited literature on WPT, high input powers were 
employed and hence, high efficiencies were reported. 
 
Single Band WPT Rectennas 
A 5.8 GHz rectenna has been designed using a dipole antenna and a silicon Schottky barrier 
mixer diode as a rectifying device [79]. The rectenna achieved high RF-DC conversion 
efficiency of 82% with high input power level of 50 mW (17 dBm) and a 327 Ω load 
resistance.  
A circularly polarised rectenna array for WPT has been designed at 5.61 GHz [80]. An RF-
DC conversion efficiency of 78% and output voltage of 11 V were reported for the proposed 
rectenna array with an input power density of 7.6 mW/cm2 (30 dBm) and a 150 Ω load 
resistance.  
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In [81] a 2.4 GHz rectenna was proposed using a microstrip harmonic rejecting circular 
sector antenna and achieved a maximum conversion efficiency of 77.8% with 10 dBm input 
RF power and a 150 Ω load resistance. 
 
Dual/Multi Band WPT Rectennas 
A dual-frequency rectenna for WPT has been proposed using a uniplanar printed dipole 
antenna and GaAs Schottky barrier diode [82]. The proposed dual-frequency rectenna 
achieved a conversion efficiency of 84.4% and 82.7% at 2.45 and 5.8 GHz with a high input 
power level of 89.84 and 49.09 mW respectively. Furthermore, separate matching networks 
and filters were used to block the unwanted harmonics at each band which increased the total 
size and fabrication cost. 
Another dual-band rectifier circuit for WPT has been designed operating at 2.45 GHz and  
5.8 GHz concurrently [83]. Peak RF-DC conversion efficiencies of 66.8 % and 51.5 % were 
reported at 2.45 GHz and 5.8 GHz respectively with a high input RF power of 10 mW.  
A dual-frequency rectenna for WPT at 2.45 and 5.8 GHz was proposed using two separate 
rectifier circuits. However, two individual rectifiers increased the circuit size and imposed 
additional costs to the system [84].  
Finally, a rectenna for triple-band biotelemetry communications has been proposed using a 
triple-band antenna and a single frequency rectifier [34]. The proposed rectenna achieved an 
efficiency of 86% with 11dBm input power at 433 MHz. 
 
It should be noted that, in a WPT scenario, there is a concern about the long term health 
effects of the transmitted microwave energy from base stations and wireless communication 
systems [27, 31, 77, 78]. The World Health Organization (WHO) has published an article 
which identifies potential health hazards and adverse effects of EM fields on human body 
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[78]. Furthermore, a relationship between early childhood cancers and mother’s exposure to 
the radiated RF signals from mobile phone base station has been investigated in 2010 which 
revealed the harmfulness of the radiated microwave energy on our body [77]. Although safety 
regulations and restrictions are considered in wireless communication systems, it is 
recommended to keep a distance while charging portable devices wirelessly. 
Furthermore, in a WPT case, rectenna systems for each device may be required [76], hence 
the rectenna attached to the device surface should be small and flat, which is often 
challenging from a design perspective especially at lower frequencies. 
 
 
   Table 2.2 Wireless Power Transmission Rectennas 
Ref. Publication 
Year 
Measured Efficiency 
(%) 
Input Power Frequency Rectification 
Technique 
Rectification 
Technology 
Load 
Ω 
[25] 1969 80 (rectification) 
55  (overall) 
5KW 
(Magnetron) 
2.45 GHz Single band Diode dc 
load 
[74] 2002 92 ( collection) 
45 (overall) 
2.672 dc 5.8 GHz Single band 
 
Schottky diode 
(SPS) 
− 
[79] 1998 82 17 dBm (50 mW) 5.8 GHz Single band Schottky diode 327 
[80] 2002 78 30 dBm 5.61 GHz Single band Schottky diode 150 
[81] 2004 77.8 10 dBm 
 
2.4 GHz Single band Schottky diode 150 
[82] 2002 84.4 @ 2.45  GHz@ 
89.84mW 
82.7 @5.8GHz @     
49.09 mW 
89.84 mW  
 
 49.09 mW 
 
2.45 GHz 
5.8 GHz 
 
Dual band Schottky diode 310 
[83] 2013 66.8  @ 2.45  GHz 
  51.5  @ 5.8    GHz 
10 mW 2.45 GHz 
5.8 GHz 
Dual band Schottky diode 1050 
[34] 2011 86@  433 MHz 
 
11dBm 433 MHz Triple band 
antenna, 
Single band 
rectifier 
Schottky diode 5000 
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1.10.2 Ambient RF Energy Scavenging 
 
Instead of using a dedicated RF source, it is convenient, safe, and inexpensive to have a 
method for scavenging ambient RF signals which are freely available in the atmosphere. 
These abundant ambient signals are radiated by local electromagnetic (EM) sources such as 
FM radio stations, TV transmitters, cellular systems, wireless communication systems and 
many others. The environmental RF energy scavenging provides sufficient power for battery-
assisted sensors to operate for a long time [5]. Moreover, a larger amount of total available 
energy can be scavenged by increasing the antenna gain and other techniques which will be 
discussed in this section.  
 
In an ambient RF energy scavenging approach, as environmental power levels are lower than 
those that can be generated by a fixed RF source (WPT scenario), the efficiency, and 
sensitivity of the harvesting system are of paramount importance. Furthermore, the 
scavengeable power level is generally unknown (different to WPT scenario), incoherent and 
effected by environmental /free-space conditions such as the distance from the power source 
to a rectenna, propagation losses (free-path and attenuation), and the antenna orientation 
(polarisation). Hence, input power variation needs to be considered when designing a 
rectification network. 
 
2.4.2.1 Ambient RF Energy Scavenging Applications and Rectenna Design 
Various single band, multi band, and broad band rectenna configurations are deployed to 
enhance the PCE (power conversion efficiency) and sensitivity [40, 41, 56, 58, 85-107]. 
However, only a few attempts at using realistic ambient RF energy levels have been reported 
[41, 88, 94, 98, 100]. Table 2.3 summarises some of the published ambient RF energy 
harvesters.  
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Single Band Ambient Rectennas 
Conventional ambient RF harvesting methods are focused on extracting power from a narrow 
spectral band. This is not an optimum solution in a real environmental case as typically RF 
sources are unknown, may shift, or are positioned in different locations. This would require 
constant re-tuning of the rectenna [56, 107].  
A narrowband rectenna was presented to harvest ambient cellular signals at 1.96 GHz [85]. 
The proposed rectenna also included a smart power management system and maximum 
power point tracking (MPPT) unit to capture around seven times more energy in comparison 
to using a direct battery connection. An efficiency of 60% was achieved with input power 
levels over 30 µW (~ −15dBm) at a location 50 m away from the RF source. However, for 
lower power levels of 10 µW (−20 dBm), 10% efficiency was reported.  
Another single band rectenna has been designed to harvest ambient digital TV signals at 540 
MHz [86]. The sensing rate was improved by considering the storage capacitor leakage and 
using an adaptive duty cycle control scheme. Hence, an efficiency of 30% was reported for 
−10 dBm input power for a 50 KΩ load. Highest sensitivity of −20 dBm was also reported 
with very low efficiency of ~5%. However, more sensitive RF harvesters are required for 
more realistic ambient scavenging cases. 
A compact single band RF energy harvester was designed and optimised to capture ambient 
medium wave signals at 909 kHz, taking the advantage of high transmit power and desirable 
signal propagation in contrast with higher frequencies [87]. It has been shown that a DC 
power of ~0.24 mW was delivered to a 1KΩ load at a distance of up to 20 km from a  
150 kW transmitter, powering a wireless sensor. However, the sensitivity of the energy 
harvesting system was not identified. 
A medium wave relatively sensitive single band rectenna was proposed operating at  
1.27 MHz [88] and it was demonstrated that the scavenger can operate 10 km away from a  
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50 kW AM broadcasting station. However, the reflection properties of the antenna and 
rectifier were not provided to clarify their findings and the efficiency was almost zero at low 
input power (<2 µW [−27 dBm]).  
Single band rectennas that operate in the UHF band are an efficient and cost-effective 
solution to power passive RFID systems. These passive systems typically require small 
amounts of power (microwatts) which can be efficiently and continuously captured from the 
reader. Extensive research has been conducted to enhance the RFID system performance [40, 
89, 90]. Based on the published works, complementary metal-oxide-semiconductor (CMOS) 
technology has been widely utilised to harvest RF power for RFID applications, having the 
advantage of a compact design. However, it is very challenging to optimise CMOS-based 
rectifiers at different input powers and frequency bands [5].  
In recent years, fully integrated CMOS technology rectifiers for passive RFID systems have 
been proposed, operating at 900 MHz [89]. An RF-DC conversion efficiency of 13% was 
achieved with −14.7 dBm received RF energy. Another fully integrated long-range RFID tag 
chip was fabricated in 0.35-μm CMOS using titanium–silicon Schottky diodes [90]. A 
sensitivity of −14.8 dBm and an efficiency of 36.2 % at 900 MHz were reported for this 
system. Furthermore, an RF harvesting system using compact planar antennas, coupled 
resonator impedance matching network, and MOS rectifier was presented for RFID 
applications [40]. This system achieved a power-up threshold of 6 µW (at 1 µW load) and  
8.5 µW (at 2 µW load) at 950 MHz which results in extending the operating range of passive 
RFID systems.  
Tunable impedance matching networks have been demonstrated in order to collect RF signals 
from various sources and convert them to DC power [91, 92]. In [91], the modified 
Greinacher’s rectifier and static switches were utilised to provide a tuneable input response 
for channel selection in the Digital TV (DTV) band. This rectifier was designed to switch 
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between low band (470-505 MHz) and medium band (520-560 MHz). The proposed sensor 
power supply achieved an efficiency of 50% with an input power of −5 dBm. However from 
an application point of view, this is still single frequency rectification and it is not widely 
applicable to environmental RF energy scavenging where the available power is very low and 
variable.  
 
Multi/Dual Band Ambient Rectennas 
Efficient ambient RF energy harvesting is a very challenging issue, as it deals with the very 
low RF power levels available in the environment. From an ambient RF scavenging 
perspective, harvesting energy from various available frequencies could maximise power 
collection and hence increase the output DC power. To address this, dual-band or multi-band 
configurations have been proposed. This can maximise the PCE (power conversion 
efficiency) at the specific frequencies where the maximum ambient signal level is available. 
Various multi/dual band RF energy harvesting systems have been demonstrated, however in 
most cases a large signal analysis of the rectifier was not provided over a broad input power 
range. 
A dual-band RF energy harvesting system using frequency limited dual-band impedance 
matching have been proposed and the PCE was shown over a high power range (up to 160 
mW) [93]. However based on the reflection coefficient plot, it was only matched at a single 
input power level (10 dBm). Furthermore, a measured conversion efficiency of 73.76% (at 
881 MHz) and 69.05% (at 2.4 GHz) with an individual input high power of 22 dBm was 
reported. When two tones with an overall power level of 22 dBm were applied to the RF 
harvester, a slightly better efficiency was achieved (77.13%) [93].  
A CMOS dual-narrowband energy harvester circuit was modelled at typical environmental 
power levels [94]. However, the rectifier efficiency was demonstrated with only single input 
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power levels of −19 dBm and −19.3 dBm at 2 GHz and 900 MHz respectively, and a large 
signal analysis was not provided [94].  
A compact dual-band rectenna operating at 915 MHz and 2.45 GHz with −9dBm and  
−15 dBm input power respectively, has been demonstrated [95]. The conversion efficiency of 
37% and 20% was reported for 915 MHz (at −9dBm) and 2.45 GHz (at −15 dBm) band 
respectively. The efficiency is less than 1% for input power levels of below −33 dBm due to 
the diode behaviour [95]. However, the efficiency results with dual-tone excitation 
simultaneously and single-tone excitations (at 915 MHz) are very similar, hence the impact of 
applying a dual-band technique does not demonstrate a clear advantage over a single band. 
Furthermore, the reflection coefficient was evaluated at a single incident power level.  
A conformal hybrid solar and electromagnetic (EM) energy harvesting rectenna has been 
presented which is capable of harvesting solar and RF power simultaneously [41]. Focusing 
on RF harvesting in this paper, two dual-band rectifiers were designed and optimised to 
harvest RF signals; one at 850 MHz and 900 MHz bands and the other one at 850 MHz and 
2.45 GHz. RF-DC conversion efficiency of ~ 15% was reported for the first case, while the 
second rectifier achieved efficiencies between 10% to 12% with −20 dBm input power. The 
PCE was provided with −30 to 5 dBm input power range, achieving a maximum efficiency 
up to 40% at 1.85 GHz for higher input power levels (above −5 dBm) [41]. However, at 
lower power levels the PCE was quite low (less than 10%). Moreover, the dual band rectifier 
was not evaluated with two simultaneous signals to clarify the advantage of using dual band 
rectifier over a single band one and also the reflection coefficient was not provided over low 
input power range [41].  
A multi-resonant rectenna that uses a multi-layer antenna and rectifier has been evaluated for 
a received RF power level ranging from −16 dBm to +8 dBm. However, the rectifier circuit 
layout and large signal analysis were not provided to clarify the findings [96].  
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A triple band rectenna presented RF-DC efficiency over the input power range of  
−14 to +20 dBm, using a triple-band antenna and a four-stage rectifier circuit [58]. However, 
the reflection coefficient results were only evaluated at a single input power level. The 
maximum efficiency of 80% was reported with high input RF power of 10 dBm at 940MHz. 
Moreover, with input powers of 8 dBm and 16 dBm, efficiencies of 47% (at 1.95 GHz) and 
43% (at 2.44 GHz) were achieved respectively. This rectenna was shown to generate  
7.06 μW of DC power from three sources simultaneously at a high input power level of  
+10 dBm. Hence, the proposed rectenna with a low-gain antenna and large number of 
rectifier stages is appropriate for high power energy harvesting [58].  
A tetra-band rectenna is designed using genetic algorithm to harvest RF energy from 
available GSM 900, GSM 1800, UMTS, and WiFi sources in ambient [97]. However, the 
achieved sensitivity was not clarified and the overall system power conversion efficiency was 
evaluated for only two operating frequencies by applying a single RF source at a time. Hence, 
the impact of using a tetra-band technique does not demonstrate a clear advantage over a 
single band with respect to sensitivity and efficiency improvement. 
Another multiband rectenna was demonstrated for urban and semi-urban environments, 
utilising four individual rectennas and a DC combining method to cover four frequency bands 
within the ultrahigh frequency range (0.3–3 GHz) [98]. However, a large signal analysis was 
not provided over a broad input power range. The low efficiency in the GSM (1.8 GHz) band 
was associated with the narrowband input impedance matching of the rectifier circuit. A 
minimum sensitivity of −25 dBm was reported for this rectenna [98], whilst in a real 
environment more sensitive systems are required as the available RF power levels are very 
low. Furthermore, utilising separate circuits to cover four bands increases the system size and 
also imposes additional fabrication cost. 
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Broad Band Ambient Rectennas 
From an ambient RF harvesting viewpoint, harvesting energy over a wide frequency band 
could increase the output DC power by scavenging more RF signals. To address this, Ultra-
wideband and broadband rectenna arrays have been proposed as a potential solution. 
However in some cases, simulation and experimental results were not provided to 
demonstrate the findings [99]. 
A broadband rectenna consisting of a dual-circularly polarised spiral rectenna array operating 
over a frequency range of 2-18 GHz was demonstrated in [100]. The rectified DC power was 
characterised as a function of DC load, RF frequency and polarisation for power densities 
between 10−5 and 10−1 mW/cm2. However, the proposed rectenna was matched at a single 
input RF power level for a specified load resistance. Furthermore, due to the low Q value of 
the rectifier circuit, the conversion efficiency was a fraction of 1% at an input power level of 
−15.5 dBm.   
A broadband arbitrarily-polarised rectenna array using self-similar right-hand and left-hand 
polarised spirals, operating over a broad range of 6-15 GHz was presented in [101]. A 
conversion efficiency ranging from 5 to 45% was reported with input power densities of  
1-1.6 mW/cm2 for two arrays consisting of different diodes. However, the sensitivity and 
large signal analysis were not provided. 
Broadband rectenna arrays were proposed to collect randomly polarised RF signals from  
4.5 to 8 GHz and 8.5 to 15 GHz [102]. It was shown by increasing the input power, higher 
efficiencies can be achieved. However, once again sensitivity was not clarified.  
A compact broadband rectenna was reported operating within 2-2.7 GHz [103]. Measured 
RF-DC efficiency over the input power range of −3 to +13 dBm was provided with a 
maximum conversion efficiency of 72.5% at a high input power of 13 dBm [87].  
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A small size wideband rectenna for energy harvesting in the UHF band (0.7-1 GHz) was 
presented [104]. Output voltage versus frequency with 5 dBm input power at different 
distances was measured in an indoor environment. However, PCE was not provided over a 
broad low input power range to evaluate the system performance in realistic environmental 
cases.  
Another wideband rectenna utilising a cross dipole antenna was designed operating from  
1.7 to 3 GHz [105]. A maximum efficiency of 75% with high input power of 7.667 mW/cm2 
was reported, however, this rectenna is not efficient at ambient power levels which are much 
lower than the applied incident power.	 
A broadband microwave rectifier was proposed for ambient RF harvesting [106]. The 
rectifier was evaluated over a frequency range of 0.7-1.5 GHz with a constant high input 
power of 25 mW (14 dBm) from a signal generator which does not happen often in real 
environmental cases (probably very close to the base stations). A maximum measured 
efficiency of 81% at 1.04 GHz with 25 mW input power was reported and once again a large 
signal analysis was not presented. 
A conformal hybrid solar and EM energy harvester was designed using a broadband printed 
monopole antenna to operate over 800 MHz-2.5 GHz [41]. However, due to the low quality 
factor of the matching network which is an adverse effect of a broadband structure, low 
conversion efficiencies between 4% to 8% was achieved with an input power of −20 dBm 
[47]. 
Although broadband rectennas can capture energy across a large section of the available 
spectrum, this typically results in very low efficiency at any particular source frequency as 
the quality factor of rectifier circuit is inversely proportional to its bandwidth (Bode-Fano 
limits [108]). Furthermore, from a design point of view, while it is relatively easy to achieve 
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a broadband antenna, it is very challenging to realise a broadband rectenna due to the non-
linearity of the rectifier impedance with input power across a large frequency band.  
 
Various patents have been also filed which focus on ambient RF harvesting, however the 
input power range far exceeds those found within a real environment. Recently, an apparatus 
for ambient microwave energy harvesting was invented in a US patent [109]. However, the 
microwave signals harvested were from close mobile base stations, broadcast repeaters and 
high-power wireless facilities and communication equipment. In all these circumstances a 
device has high amount of power as it is in close proximity to a high power transmitter. In a 
real ambient energy harvesting scenario, such a system is not feasible. Hence, the published 
method is not widely applicable for most realistic environmental cases where low RF power 
levels are present [1, 4, 5].   
 
Despite all the achievements in rectenna designs, most of the published works are dedicated 
to maximising the system efficiency at a given and often quite high input power level (e.g. 
WPT scenarios). The effect of input power variation has not been widely considered which 
can cause unexpected variations in the matching network due to non-linearity characteristics 
of the diode. A sensitivity below −40 dBm has not been reported previously. This is however 
in the range of typical ambient free-space RF signals [1, 4, 5]. Furthermore, the achieved 
efficiencies of ambient rectennas at low input power levels (<−20 dBm) are seen to be quite 
low and hence are again not applicable in real environmental cases.  
Hence, the aim of this thesis is to address some of the identified defects in the prior state-of-
the-art solutions by designing highly sensitive and efficient RF energy scavenging circuits 
which operate over a broad input power range at a low level signal. 
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Table 2.3 Ambient RF Scavengers 
 
Ref. 
Year 
Sensitivity Measured Efficiency 
(%) 
RF Power 
Variation (in PCE 
evaluation) 
Frequency Rectification 
Technique 
Rectification 
Technology 
Load 
 
[107]  
2012 
−30 dBm 83@ 1.95 µW/cm2 
50 @  0.22 µW/cm2 
−30 to 15 dBm 2.45 GHz Single band Schottky 
diode 
Resistor 
1.4  KΩ 
[56] 
2013 
−10 dBm 44@−10 dBm − 830  MHz Single band Schottky 
diode 
Resistor 
 
[85] 
2010 
−20 dBm 60@  30  µW 
10@  10µW 
10  µW to 1 mW 1.96 GHz Single band, 
20-element 
rectenna array 
Schottky 
diode 
Battery 
[86] 
2013 
−20 dBm 30 @−10 dBm 
  5  @ −20 dBm 
−20 to −5 dBm 540 MHz Single band 
 
Schottky 
diode 
Resistor 
50  KΩ 
[87] 
2014 
− ~ 50 − 909 KHz Single band 
 
− Resistor 
1 KΩ 
[88] 
2014 
≈−27dBm* 0 @ <2  µW 
28  @  23 µW 
 
2.5 to 23 µW 1.27 MHz 
 
Single band 
Autotransforer 
Diode Capacitor 
 
[91] 
2011 
−25 dBm 50@ −5 dBm −25 to 0 dBm 470-505 
MHz OR 
520-560 
MHz 
Tunable Diode Resistor 
8.2  KΩ 
[93] 
2013 
− 77.13@22 dBm 
(158.49mW) 
0 to 160 mW 881 MHz 
2.4 GHz 
Dual band Schottky 
diode 
Resistor 
0.433  KΩ 
[94] 
2013 
−19.3 dBm 9.1@−19.3dBm 
@900MHz 
8.9@−19dBm 
@2GHz 
−19.3dBm 
−19 dBm   
870-940 
MHz 
1920-2030 
MHz 
Dual band CMOS 
 
Resistor 
1.5 MΩ 
[95] 
2013 
≈−33dBm* 37@−9dBm 
@915MHz 
20@−15 dBm 
@2.45GHz 
 
<1@≈ −33 dBm 
−40 to 0 dBm 915 MHz 
2.45 GHz 
Dual band Schottky 
diode 
Resistor 
2.2  KΩ 
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Ref. 
Year 
Sensitivity Measured Efficiency 
(%) 
RF power 
variation (in PCE 
evaluation) 
Frequency Rectification 
Technique 
Rectification 
Technology 
Load 
 
[41] 
2013 
 
−30 dBm 15  @ −20 dBm 
~2.5 @ −30 dBm 
−30 to 5 dBm 850 MHz 
900 MHz 
Dual band Schottky 
diode 
Resistor 
2.2  KΩ 
[58] 
2013 
≈−14dBm 80@10 dBm 
@940MHz 
47@8 dBm 
@1.95GHz 
43@16 dBm 
@2.44GHz 
−14 to 20 dBm 940MHz 
1.95GHz 
2.44GHz 
Triple band 
 
Schottky 
diode 
Resistor 
12 KΩ 
 
 
 
 
[98] 
2013 
−25 dBm 40 (overall) − 560 MHz    
900 MHz    
1.8 GHz     
2.1 GHz 
Tetra band Schottky 
diode 
Capacitor 
[97] 
2013 
− ~ 45 @ 0.8 mW       
@900 MHz 
~18 @0.15 mW        
@ 2.45 GHz 
0 to 0.8 mW 900 MHz    
1.75 GHz    
2.15 GHz    
2.45 GHz 
Tetra band Schottky 
diode 
Resistor 
50Ω 
[100] 
2004 
10−5mW/c
m2 
0.1@5×10−5mw/cm2 
 
20 @ 0.07 mW/cm2 
10−5 to 10−1 
mW/cm2 
 
2-18 GHz Broad band 
64-element 
rectenna array 
Schottky 
diode 
 
Resistor 
 
[101] 
2001 
− 5 to 45 
@ 1to1.6 mW/cm2 
1 to1.6 mW/cm2 6-15 GHz Broad band 
2 rectenna 
arrays 
 
Schottky 
diode 
 
Resistor 
1Ω-10K Ω 
[102] 
2000 
− 35@7.78mW/cm2@ 
5.7 GHz 
 
 
45@1.56mW/cm2@ 
10.7 GHz 
− 
 
 
4.5 - 8GHz 
 
8.5- 1GHz 
Broad band 
2 rectenna 
arrays 
 
Schottky 
diode 
 
Resistor 
 
 
 
 
 
[103] 
2015 
−3 dBm 72.5@ 13 dBm @2.45 
GHz 
 
~14 @ −3 dBm @2.45 
GHz 
−3 to +13 dBm 2-2.7 GHz Broad band 
 
Schottky 
diode 
 
Resistor 
900 Ω 
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Ref. 
Year 
Sensitivity Measured Efficiency 
(%) 
RF power 
variation (in PCE 
evaluation) 
Frequency Rectification 
Technique 
Rectification 
Technology 
Load 
 
[105] 
2013 
~0.7  
mW/cm2 
75@ 7.667 mW/cm2 ~0.7 to 9.7  
mW/cm2 
1.7- 3 GHz Broad band 
 
Schottky 
diode 
Resistor 
 
[106] 
2014 
14 dBm 81@25 mW 
@1.04 GHz 
− 0.7-1.5 
GHz 
Broad band 
 
Schottky 
diode 
 
Resistor 
510 Ω 
[41] 
2013 
−20 dBm 4 to 8 @ −20 dBm − 800MHz to 
2.5  GHz 
Broad band 
 
Schottky 
diode 
Resistor 
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Chapter 3 – RF Field Investigation and Maximum 
Available Power Analysis	
 
2.  
 
2.1 Introduction 
 
RF energy harvesting is attracting widespread interest to meet the goal of providing a 
sustainable energy source for the future growth and protection of the environment. As 
discussed in Chapter 2, while the power produced by electromagnetic (EM) energy 
harvesting has a low density [1,4, 5], there is a great range of ambient RF sources available to 
us whether in public, office or at home. Television, Radio, Mobile Phones and Wi-Fi are 
some of the most dominant sources. They all radiate RF energy and are widely available and 
hence are a potential scavenging source. However, there are various challenges in scavenging 
ambient RF energy, which will be discussed in this chapter. 
In an ambient RF scavenging scenario as the EM source is unknown, field measurements 
should be conducted to investigate various suitable frequency bands with their associated 
signal strength. Hence, ambient rectennas can be efficiently designed based on realistic 
environmental RF signals.  
A comprehensive literature review on previous RF field analyses for energy harvesting is 
conducted. In recent years, researchers have demonstrated that a single GSM telephone can 
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deliver enough energy for wirelessly powering small applications over a short distance of  
20 cm [110]. In [111], broadcasting has been shown to be a reliable energy source for 
scavenging in comparison to wireless communication systems. More recently, in order to 
investigate the potential for ambient RF energy scavenging, an RF spectral survey from  
0.3-3 GHz was conducted in urban and semi-urban areas of London. It was demonstrated 
that, digital DTV, GSM900, GSM1800, 3G and Wi-Fi are appropriate ambient RF energy 
scavenging sources [98]. 
 
In this chapter, in order to demonstrate the feasibility of RF energy harvesting, RF field 
investigations and analysis of maximum available power in the metropolitan areas of 
Melbourne, Australia are conducted, which have not been reported previously. Hence the 
great potential of vast power scavenging capabilities has not yet been fully discovered in 
order to generate a viable energy source for urban environments.  
Therefore, measurements have been performed to determine the usable frequency ranges and 
to analyse maximum available power for different frequency bands based on antenna aperture 
and number of antennas in a given collecting area, estimating the potential of RF power 
harvesting. Furthermore, this chapter compares different rectenna configurations and 
recommends an alternative solution for ambient RF energy scavenging based on the RF 
measurement and analysis outcomes in Melbourne, Australia. 
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2.2 RF Field Measurement 
 
In order to demonstrate the feasibility of RF energy harvesting, the suitable frequencies 
among several frequency bands are investigated. The map in Figure 3.1 depicts some of these 
investigations in different suburbs of the Melbourne metropolitan areas where precise 
measurements were performed (e.g. inner city, outer city, industrial areas, at RMIT 
University, etc.) at various times (e.g. peak and off-peak hours for telecommunication 
services) [112]. 
 
Figure 3.1 RF Field exploration locations, RMIT University, Inner city, Mount Dandenong, Templestowe, 
Bayswater, Mulgrave, Bentleigh, Thomastown, Deer Park, Brighton. 
Deer Park 
 Inner City
 RMIT 
Thomastown
Mount 
Dandenong
Templestowe 
Mulgrave 
Brighton
Bentleigh
Bayswater
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RF field measurements were conducted in two orthogonal polarisations (both horizontal and 
vertical polarisations), utilising omnidirectional monopole and discone antennas and a 
spectrum analyser. 
The absolute value of the electric field intensity (|E|) in volts per meter is expressed in terms 
of power received using eqn. 3.1 [113].  
    
Pr =	 ாమସ଼଴஠² 
஼మ
௙² ܩ                    (3.1) 
 
Here, Pr represents the received power (watts), f denotes the frequency (Hz), C is speed of 
light (~3×108 m/s) and G refers to the realized gain of the antenna (dBi). 
 
The gain of the antennas were measured in free-space over the frequency range of 50 MHz to 
3 GHz and depicted in Fig 3.2 (a, b). An active diamond D707 monopole antenna was used to 
measure RF signals from 50 to 800 MHz, while 0.8 to 3 GHz signals were measured using a 
discone antenna. It should be noted that, both antennas were matched at 50 Ω for the selected 
frequency ranges. 
Several RF field measurement results were collected and averaged to establish a 
comprehensive database. Figure 3.3 summarises the RF field measurement results for 
frequencies from 50 MHz to 3 GHz at various locations. Based on the Australian 
Radiofrequency Spectrum Plan [114], the investigated frequency bands are allocated to 
various applications such as broadcasting services and cellular systems (See Table 3.1). 
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Figure 3.2 Antenna gain measurement from 50 MHz to 3 GHz. (a) Monopole antenna gain. 
(b) Discone antenna gain. 
(b)
(a) 
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(j) 
 
Figure 3.3 RF field measurement results in different Melbourne suburbs. (a) RMIT University, (b) Inner city, 
(c) Mount Dandenong, (d) Templestowe, (e) Bayswater, (f) Mulgrave, (g) Bentleigh, (h) Thomastown,  
(j) Deer Park, (j) Brighton. 
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Table 3.1 Australian Radio Frequency Spectrum Allocation 
Frequency Band (MHz) Australian Radio Frequency Allocation 
88-108  FM Radio Broadcasting  
137-144 and 174-230  Analogue and Digital TV Broadcasting 
 
470-890 Analogue and Digital TV Broadcasting 
800-1000  Cellular Mobile 
(GSM 850, 900 MHz) 
 
1000-1800  Cellular Mobile  
(GSM 1800 MHz ) 
 
1800-2400 Cellular Mobile (GSM 1900, 2100 MHz) 
 
Wi-Fi, WiMAX 
 
2500-3000 WiFi, Bluetooth 
 
The RF field measurement results indicate that radio frequency signals from wireless 
communication services (e.g. mobile phone, Wi-Fi, etc.) are strong at various locations. 
However, the signal level is heavily dependent on the telecommunication traffic density and 
it varies during the day time. Hence, ambient RF energy harvesting from wireless 
communication services (e.g. at 900, 1800, 2100 MHz) is time dependant. 
On the other hand, radio waves from broadcasting (e.g. FM radio, Digital and Analogue TV) 
are quite stable, although the strength varies with the distance from the broadcasting tower. 
 
According to the RF field measurements results, it is evident that broadcasting systems  
(e.g. at 100 and 500 MHz) provide stable energy sources with high signal levels, as an 
efficient power scavenging source. Furthermore to clarify the findings, maximum available 
power for different frequency bands is analysed in the following section. 
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2.3 Maximum Available Power Analysis 
 
In order to analyse the maximum available power for different frequency bands based on a 
set aperture area where the rectenna can be mounted, the frequency bands which had the 
highest signal levels (from Section 3.2) were selected. For the purpose of this exercise, it was 
assumed a limited area of 16 m² was available where patch antenna(s) with the gain of 6 dBi 
could be mounted (e.g. on the roof or wall of a building). The antenna size is assumed to be 
λ/2, and a spacing of λ/4 to ensure minimal coupling between the elements. The maximum 
number of elements in the given area was calculated and is presented in Table 3.2. 
It should be highlighted that the purpose of assuming this large area (16 m²) is to investigate 
the practicality of embedding RF energy harvesting systems in building materials (roof tiles 
and wall/ceiling plaster boards), creating a structurally integrated energy scavenging system 
for home and office devices (this will be explained in Chapter 5). 
 
Table 3.2 The Number of Elements in an Assumed Available Area Where the Rectennas Can be Mounted 
 
 
 
 
 
 
 
 
 
 
Frequency (MHz) Number of Patch Antennas in 16 m2 Area 
50 0 
100 3 
200 13 
500 80 
800 229 
1000 400 
2000 1600 
3000 5926 
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As shown in Table 3.2, RF scavenging from broadcasting systems (at around 500 MHz) 
increases the antennas size and hence decreases the number of elements (N) in the available 
area in comparison to harvesting from wireless communication systems (at around 2000 
MHz). However, according to the RF field measurement results, it is evident that 
broadcasting systems provide more stable energy sources with higher signal levels than 
wireless communication systems.  
Therefore, for an accurate comparison of the different frequencies in Table 3.2, it is necessary 
to analyse the total signal level in terms of the number of antennas at the selected frequencies. 
By considering the factor of the number of elements, N, and the signal values that were 
measured in Section 3.2, the maximum available power can be calculated, which is shown in 
Figure 3.4. 
 
For more clarity, as shown in Table 3.2, two cases are analysed as follows (assuming −10 
dBm RF power is available in an ambient environmental scenario):  
 
Case 1: Frequency=100 MHz                                     Case 1: Frequency=200 MHz    
Number of elements =3                                               Number of elements =13   
DC output of one element=X                                      DC output of one element=X 
Total DC output of elements=3×X                              Total DC output of elements =13×X 
Total available RF power= −5.23 dBm                       Total available RF power= 1.13 dBm 
 
The total output DC value produced by rectenna elements can be determined by multiplying 
the DC value of each element and the number of elements N in a given area (assuming no 
loss in DC combining process). Hence, maximum available power would be calculated by 
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considering the operating frequency (which determines the N) and available input power 
(Section 3.2).  
In order to present these results in terms of dBm, following conversion can be used: 
dBm = dBµV−107 dB               (3.2) 
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Figure 3.4 Maximum available signal level. (a) RMIT University, (b) Inner city, (c) Mount Dandenong,  
(d) Templestowe, (e) Bayswater, (f) Mulgrave, (g) Bentleigh, (h) Thomastown,  
(j) Deer Park, (j) Brighton. 
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Based on the RF field measurements and maximum available power analysis, it is evident 
that broadcasting bands (TV and FM radio) at 500 MHz (within 470-890MHz) and 100 MHz 
(88-108 MHz) are good scavenging sources (Figure 3.4). Even though both 500 MHz and  
100 MHz ranges produce approximately similar results, in some cases the 500 MHz band 
possesses slightly higher amounts of average power. 
From a design perspective, there is a significant reduction in the size of antennas operating at 
higher frequencies; therefore a greater number of rectennas can be mounted in an assumed 
available area. However, considering the cost scenario, utilising a large number of elements 
(i.e. antennas, diodes) creates additional expense.  
Therefore depending on the specific application, where there is a limited available area,  
500 MHz is a preferred band due to the small element size and high level of the incident 
power at this frequency. On the other hand, 100 MHz could provide more cost-effective 
implementation than higher frequencies. However, for applications with limited available 
area (less than 1 m2), this frequency band is not feasible as a power scavenge source. 
 
Furthermore, the amount of available signal at 0.8 and 1 GHz are comparable to 500 MHz 
and 100 MHz in some locations. Therefore, cellular and wireless communication systems 
could be alternative power scavenge sources for applications where miniaturisation is 
essential. However, more complicated design and fabrication technologies may result in a 
more expensive implementation. (It should be highlighted that, based on Table 3.2, 800 MHz 
band corresponds to both TV broadcasting and cellular systems in Australia.) 
 
From the results of this study, the 500 MHz with around 20 MHz bandwidth range seems the 
most appropriate scavenging band, assuming a relatively large collection area. This frequency 
range provides stable RF signals and low atmospheric loss, promising to produce maximum 
available power in a variety of suburban locations. In addition, this broadcasting frequency 
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range is widely available at all times, and is simple to harvest with a cost-effective 
implementation. 
 
2.4 Rectenna Configurations 
 
The main goal in designing an efficient RF harvesting system is producing high level output 
power. Toward this goal, there are a few configuration options for the rectenna system.   
One design approach is utilising an antenna array (multiple antennas) connected to a single 
rectifier circuit, using an RF combining method. This topology combines the RF signals from 
the antenna array to a single rectifier [115, 116] (See Figure 3.5(a)). This method increases 
the total directivity at the cost of potential misalignment with the incoming ambient signals. 
This is due to the fact that the array enhances the power delivered to the rectifier circuit by 
enlarging the antenna aperture and total gain, whilst the system becomes narrow in beam 
width [117, 118]. Consequently, such an implementation could lose scavengeable signals 
from different angles of incidence. 
Another approach is to connect each individual antenna to a rectifier circuit (which 
essentially operate at a single frequency), using a DC combining method [100, 115] (See 
Figure 3.5(b)). This topology rectifies the received RF signal of each antenna element prior to 
combining it at the DC output. This enables the utilization of several broad-beam antennas to 
collect RF power from various sources and hence maximising power collection.   
From an ambient RF scavenging perspective, this approach offers a more efficient power 
harvesting solution. This is due to the fact that the individual antenna elements provide a 
broader pattern which potentially increases the amount of energy collected by the antenna.  
However, an important issue that should be taken into consideration is the non-linearity of the 
rectifier impedance with frequency and input power. To address this, a broadband impedance 
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matching network is essential for providing maximum power transfer from the antenna to the 
single rectifier circuit [118]. 
However, from a design point of view, whilst it is relatively easy to achieve a broadband 
antenna, it is very challenging to realise a broadband rectenna due to the non-linearity of the 
rectifier impedance with input power across the frequency band (as discussed in Chapter 2). 
Moreover, due to the low Q value (quality factor) of the broadband rectifier circuit, this 
method typically results in very low efficiency at any particular source frequency (based on 
the Bode-Fano limits [108]). 
Hence, most of the published works on the second approach (Figure 3.5(b)) have used single 
band rectifiers [98, 119]. However, considering this method (individual antennas, individual 
rectifiers), it is very challenging to design a highly sensitive rectenna with individual single 
band rectifiers and DC combining method. As ambient RF energy levels are very low, the 
sensitivity of the harvesting system is of paramount importance and single band matching 
networks usually fail to deliver sufficient power to the rectification device (this has been 
discussed in Chapter 2).  
Furthermore from a design and economic perspective, utilising a large number of components 
(i.e. antennas, diodes) to realise individual rectennas for each frequency band creates 
additional expense.  
 
Therefore, an alternative approach is to use a multiband or broadband antenna and design a 
matching circuit at the specific frequencies (e.g. multiband matching network). It is important 
to select these frequencies where the maximum signal is available, which have been 
investigated in the previous sections. 
 
 
Chapter 3 – RF Field Investigation and Maximum Available Power Analysis 
61 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Schematics of the rectenna configurations (a) Single rectifier circuit using RF combining method.  
(b) Multiple rectifier circuits using DC combining method. 
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In order to elucidate this concept, a typical rectifier was simulated in Agilent ADS software 
and quantitative comparisons are provided in Table 3.3. As presented in Table 3.3, at high 
input RF power (e.g. −5 dBm), the DC output power of two rectifiers (using a DC combing 
method) is slightly higher than the output of a rectifier which combines two RF signals at the 
input (mainly due to the saturation of the rectifier in presence of high input power). However, 
at very low ambient power levels (e.g. −40 dBm), RF combing method provides higher DC 
power compared to adding the DC output of two rectifiers (due to delivering more power to 
rectification device). 
 
Table 3.3 Rectenna Configurations Comparison 
Rectifier Configuration Output DC Power 
(µW) 
with input RF Power of 
−5  dBm 
Outp0ut DC Power 
(µW) 
with input RF Power 
of −30 dBm 
Output DC Power 
(µW) 
with input RF Power of 
−40 dBm 
Single Rectifier 148 0.074 0.001 
RF Combining of Two 
Signals at the Input of a 
Rectifier 
277 0.217 0.004 
DC Combining of Two 
Signals at the Output of 
Two Rectifiers 
296 0.148 0.002 
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2.5 Conclusion 
 
In this chapter, the feasibility of harvesting ambient EM energy in metropolitan areas of 
Melbourne, Australia has been investigated. Based on the RF field measurement results and 
maximum available power analysis, it is evident that broadcasting frequency ranges such as; 
FM and TV at 88-108 MHz and 470-890 MHz respectively are preferred power scavenge 
sources due to their suitable level of the ambient power at a variety of locations. In addition, 
these ranges offer a great deal of flexibility to deploy simple and cost-effective 
implementation, which is of paramount importance for optimal power harvesting systems. 
Furthermore, cellular and wireless communication systems (800-1000 MHz) have been 
recommended as alternative power scavenging sources. 
Measurement results revealed that, available RF power from broadcasting services and 
cellular systems ranging from െ40 to െ10 dBm (there are also various signals below −40 
dBm). This identifies two important considerations in the design of efficient rectenna for 
ambient RF energy harvesting: the scavengeable ambient RF power sources available, and 
the significant variance of this power. 
 
Therefore, it has been demonstrated that the scavengeable levels of ambient RF power are 
orders of magnitude lower than previous published works. Furthermore, the scavengeable 
power level is generally unknown, incoherent and effected by environmental/free-space 
conditions such as the distance from the power source to a rectenna, propagation losses (free-
path and attenuation), and the antenna orientation (polarisation).  
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This chapter also presented different rectenna configurations, and an optimum approach was 
proposed based on the RF field measurement outcomes. The solution is to identify and harvest 
multiple ambient frequency sources over their realistic available energy range in order to 
increase the amount of RF energy scavenged by a rectenna. 
Therefore, with the creation of efficient rectenna arrays, there is potential to generate a viable 
energy source for urban environments, predominantly for low power applications. 
The investigations and analysis of this chapter enable the design of an appropriate RF 
rectifier circuit based on the real environmental cases. The outcome of this chapter built up 
the baseline knowledge of low power RF harvesting which is the foundation for the 
proceeding chapters. 
 
3.  
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Chapter 4 – Multi-Service Highly Sensitive Rectifier  
 
 
 
  
 
4.1 Introduction 
 
Literature characterizes energy harvesting circuits by two important metrics; efficiency and 
sensitivity. Efficiency can be expressed as total energy-harvesting circuit efficiency or power 
conversion efficiency (PCE). While related to energy-harvester efficiency, sensitivity is 
defined as the minimum power necessary to turn on a rectification circuit. 
Efficient RF energy harvesting is a very challenging issue, as it deals with very low RF power 
levels available in the environment. Furthermore, the scavengeable ambient power level can 
vary unpredictably, depending on several factors such as the distance from the power source, 
the transmission media, the telecommunication traffic density and the antenna orientation (as 
discussed in Chapter 3). Hence, accommodation of this input power variation should be 
considered when designing a rectification network. Importantly, the nonlinearity of a 
rectification device (Schottky Diode) in energy harvesting circuits makes impedance 
matching a challenging endeavour.  
RF to DC rectifier solutions proposed in recent literature have mainly focused on maximising 
the system efficiency at a given, and often quite high, input power level (as discussed in 
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Chapter 2). This neglects the issues related to input power variation which can lead to 
unexpected variations in the matching network due to diode non-linearity. Also, the 
scavangeable levels of ambient RF power have been shown to be orders of magnitude lower 
than previous published works (based on the results from Chapter 3).  
 From a design point of view, the majority of available literature on RF rectification has been 
dedicated to narrowband rectennas, which essentially operate at a single frequency and hence 
provide low DC output power.  
From an ambient RF scavenging perspective, harvesting energy from various available 
frequencies can maximise power collection and hence increase the output DC power 
(discussed in Chapter 2, Chapter 3). Ultra-wideband and broadband rectenna arrays have been 
proposed as a potential solution [99, 100]. However, due to the low Q value of the broadband 
rectifier circuit, this method typically results in very low efficiency at any particular source 
frequency (based on Bode-Fano limits).  
From a design point of view, while it is relatively easy to achieve a broadband antenna, it is 
very challenging to realise a broadband rectenna due to the non-linearity of the rectifier 
impedance with input power across the frequency band. Hence, multi-band rectification 
approach has been proposed where individual antennas were connected to individual rectifier 
circuits (which essentially operate at a single frequency) and a DC combining method was 
used (discussed in Chapters 2 and 3). This topology rectifies the received RF signal of each 
antenna element prior to combining it at the DC output. This enables the utilization of several 
broad-beam antennas to collect RF power from various sources and hence maximises power 
collection. However, it is very challenging to design a highly sensitive rectenna with 
individual narrow-band rectifiers. Furthermore, utilising separate circuits to cover multiple 
bands increase the total system size and impose additional fabrication cost. 
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As ambient RF energy levels are very low (−40 to −10 dBm found in Chapter 3), the 
sensitivity of the harvesting system is of paramount importance and a narrow band matching 
network usually fails to deliver sufficient power to the rectification device to turn it on. 
Furthermore from a design and economic perspective, utilising a large number of components 
(e.g. diodes) and realizing individual rectifier circuits for each frequency band creates 
additional expense. 
To address this, a promising approach is to use a multi-band configuration. Various 
environmental RF energy sources of different frequencies are collected by an efficiently 
designed antenna, and delivered to the rectification circuit via a multi-band matching 
network. This can maximise the PCE at the specific frequencies where the maximum ambient 
signal level is available. This is due to the fact that harvesting RF energy from various 
available frequencies simultaneously increases the delivered power to the rectifier, enhancing 
the diode conversion efficiency and consequently increasing the output DC power. 
Therefore, in order to increase the amount of RF energy scavenged by a rectenna, it is crucial 
to identify and harvest multiple ambient frequency sources over their realistic available 
energy range.  
The previous chapter has demonstrated the feasibility of RF energy harvesting through RF 
field investigations and maximum available power analysis in metropolitan areas of 
Melbourne, Australia. The maximum available power for different frequency bands based on 
antenna aperture and number of antennas in a given collection area was analysed.  
Measured results and analysis indicated that cellular systems and broadcast sources are well 
suited to harvesting, with scavengeable RF power ranging from െ40 to െ10 dBm. This 
identifies two important considerations in the design of efficient rectenna for RF energy 
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harvesting: the scavengeable ambient RF power sources available, and the significant 
variance of this power.  
Therefore, based on the previous research outcomes and recommendations (Chapter 3), an 
efficient power harvesting solution could encompass a multi-band matching circuit at the 
specific frequencies where maximum signal power is available, enabling greater power 
harvesting. This also results in a higher power being fed to a single rectifier, utilising the 
diode function more efficiently. Delivering multiple RF signals into a single rectification 
stage results in a high sensitivity rectifier, which can provide higher DC power than the post 
rectification combining of separate single frequency rectifier circuits operating at the same 
frequencies with very low input powers.  
This chapter presents an RF energy harvesting method that can scavenge a wide range of 
ambient power levels which are orders of magnitude lower than previous reported techniques 
in the literature. An efficient dual resonant rectifier circuit is proposed, matched to a 50 Ω 
input port at 490 and 860 MHz over a broad low input RF power range from െ40 to 
 െ10 dBm. Based on the Australian Radiofrequency Spectrum Plan, these bands are allocated 
to broadcasting services and cellular systems [114].  
The proposed dual resonant matching network operates efficiently at two identified 
harvesting frequency bands over a wide input power range, maximising DC power by 
scavenging two sources simultaneously.  
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4.2 Dual Resonant Rectifier Design 
 
The major goal in designing an efficient RF harvesting system is to produce high DC output 
power. Toward this goal, a high sensitivity rectifier is crucial for optimum RF scavenging. A 
significant factor governing the sensitivity of a rectifier is the threshold voltage of the diode 
used for rectification. The diode must be able to “switch on” for very low ambient energy 
levels. To address this sensitivity issue, a system that scavenges power from multiple 
frequency bands and delivers them to activate a rectification circuit is proposed.  
The general block diagram of the proposed system is depicted in Figure 4.1. Various 
environmental RF energy sources of different frequencies are collected by an appropriately 
designed antenna, and delivered to the rectification circuit via a multi-band matching 
network. The rectification circuit converts multiple RF signals into DC power for low-
powered applications.  
This thesis realizes a dual resonant matching circuit as a transition between a 50 Ω nominal 
antenna output and the non-linear rectification device at 490 and 860 MHz. Since the rectifier 
is a critical part of the RF energy harvesting system and its efficiency and sensitivity 
determine the whole system functionality, this research focuses on the rectifier circuit design.  
 
 
 
 
Figure 4.1 General block diagram of the RF energy harvesting system. 
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4.2.1 Device Selection 
 
Due to the very low ambient power available in a real environment (Chapter 3 outcomes) a 
very low threshold voltage rectification device is required in order to increase the sensitivity. 
For this reason, Schottky diodes (GaAs or Si) are commonly employed for RF energy 
harvesting. In this work, a microwave Schottky detector HSMS2820 (Cj0 = 0.7 pF, Rs = 6 Ω, 
Is = 2.2e−8 A) is chosen due to its excellent high frequency performance, low series resistance 
(Rs) and junction capacitance (Cj), and low threshold voltage with high-saturation current 
[52]. This low threshold voltage (~0.3 V) supports rectification at low input power levels. 
Note that, high Cj degrades the diode efficiency and hence the rectifier performance. Also 
high value of Rs increases the ohmic loss on the diode; hence, careful selection of the 
rectification device is essential to achieve a desired performance. 
 
 
4.2.2 Voltage Doubler 
 
In order to design an efficient RF harvesting system, the non-linearity of the rectifier 
impedance with frequency and input power should be matched to the 50 Ω output of the 
antenna at the desired frequency bands. Therefore, the diode input impedance as a function of 
frequency for different power levels was calculated and analysed [120].  
 
In order to match the input impedance of the rectifier to the 50 Ω output of the antenna, the 
total load impedance for different input power and frequencies should be determined.  
A circuit consisting of a pair of Schottky Barrier Diodes (SBD) terminated with a load 
resistor (RLoad = 11 KΩ) and an output bypass capacitor (C2 = 6.8 pF) was simulated using 
Agilent ADS software. Figure 4.2 shows the proposed geometry of the voltage-doubler 
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topology [52, 121].  
 
In this work a single stage voltage multiplier is considered [31, 57, 62]. It is formed by 
combining two sets of half wave rectifiers in a cascading structure and the output DC voltage 
can be charge-pumped by the diode-capacitor pair. The capacitor nearest to Rload will hold the 
total charges accumulated by each diode-capacitor pair. However, the rise of output DC 
voltage will not be significant if there are too many diode-capacitor stages. This is due to the 
component loss and low amplitude of the input RF power. Hence, only single multiplying 
stage is considered for this ambient energy harvesting application. 
 
Therefore, the voltage doubler rectifier structure is employed for the design of the RF-DC 
power conversion system as this topology is well suited to low power rectification. 
Furthermore, advantages of using a voltage doubler are summarised as follows: 
 
1. The output voltages of two diodes are added in series increasing the overall magnitude 
of the output voltage. 
2. The RF impedances of the two diodes are added in parallel, hence making the process 
reactive impedance matching easier. 
3. The rectified current produced by the first diode constitutes the external bias current 
for the second diode. Therefore, at very low power levels the use of this technique 
allows to reduce the junction resistance of the diode and hence increase the detection 
sensitivity. 
 
 The resistor and capacitor at the output will filter higher frequencies. The high load resistor  
(11 KΩ) was chosen to observe a reasonable output voltage at very low currents. Using Large 
Signal S-Parameters analysis in Agilent ADS software, the load impedance and bypass 
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capacitor were determined and optimised.  
 
 
 
 
 
Figure 4.2 Schematic of a voltage-doubler rectifier without matching network. 
 
 
The voltage doubler rectifier in Figure 4.2 consists of a peak rectifier formed by D2 and 
bypass capacitor C2 (6.8 pF) and a voltage clamp formed by D1 and C1 (total capacitance of 
the transmission lines and diode’s parasitic capacitance (Cp)). In the negative phase of the 
input, current flows through D1 while D2 is cutoff. The voltage across D1 stays constant 
around its threshold voltage and the voltage at node 1 is charged to െVth1 (where െVth1 is the 
threshold voltage of D1). At the negative peak, the voltage across C1 is: Vs െVth1.  
In the positive phase of the input, current flows through D2 while D1 is cutoff. The voltage 
across C1 remains the same as the previous phase because it has no way to discharge. At the 
positive peak, the voltage across D1 is: 2Vs െVth1. Since D2 is conducting current to charge 
C2, the voltage at the output is: Vout = 2Vs −Vth1	−Vth2. 
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4.2.3 Dual Resonant Matching Network Design and Analysis 
 
The DC equivalent circuit of the SBD is a voltage source in series with the junction resistor Rj 
which is obtained by differentiating the diode voltage–current characteristic and is given by 
eqn. (4.1) [52, 122]: 
 
R୨ ൌ 	 nKTqሺIୱ ൅ Iୠሻ																																ሺ4.1ሻ									 
 
Where n is the diode ideality factor, K is Boltzmann's constant, T is the temperature in degrees 
Kelvin, q is the electric charge, Is is the diode saturation current and Ib is the external bias 
current.  
At low power levels, the saturation current is very small (Is = 2.2e−8 A) and for a zero-biased 
diode, Ib = 0. Therefore, the resulting value of junction resistance at room temperature is 
approximately 1.7 MΩ [122]. Since, the saturation current is highly temperature dependent, Rj 
will be even higher at lower temperatures which tends to decrease the output voltage [122]. 
As the input power increases, some circulating rectified current will cause a drop in the value 
of ௝ܴ 	and this phenomenon will increase the value of the DC output voltage. Furthermore, it is 
worth to highlight that the rectified current produced by the first diode (D1) in Figure 4.2 
constitutes the external bias current of the second diode (D2) which will help to reduce Rj and 
hence the detection sensitivity will be improved.  
Therefore, depending on the amount of available bias current, Rj   varies (equation (4.1)), hence 
the matching network changes which impacts the amount of delivered power to the diode and 
results in different values of PCE. 
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A Schottky barrier diode can be modeled by the linear equivalent circuit shown in Figure 4.3, 
where Lp	and Cp are the diode’s parasitic inductance and capacitance respectively due to 
packaging (Lp = 2 nH and Cp = 0.08 pF) which are generally unwanted [123]. This linear 
model is used for determining the diode impedance at a given input power. 
 
 
Figure 4.3 HSMS 2820 Schottky diode equivalent circuit. 
 
The diode impedance was analysed using a Harmonic Balance (HB) simulator and a 
nonlinear model of the diodes over the frequency range of 400 to 900 MHz at various input 
power levels (Figure 4.4).   
Due to the large junction resistor at low input RF power levels (e.g. −10 dBm); the 
rectification device is turned off in absence of an appropriate matching network. Large Signal 
S-parameter analysis was conducted and higher input power (associated with the signal 
source) was applied directly to the Schottky diodes configuration of Figure 4.2 which does 
not include a matching network in order to turn on the diodes (reduce the value of Rj) and 
extract approximate input impedance values as our starting point in design of a matching 
network.  
As it can be seen in Figure 4.4, by increasing the source power (−5 to 5 dBm), the diode 
impedance is varies and it is beginning to switch on. Hence, the input impedance needs to be 
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determined when the diode is turned on to realise the matching network for a rectifier circuit. 
It is clear, in the presence of an appropriate matching network the rectification device can be 
turned on at lower power levels, whilst in the absence of a matching network a higher input 
power should be applied to switch on the diode.  
Note: With an unmatched rectifier the total applied input power from the signal source cannot 
be delivered to the diode due to the high reflection in the circuit. 
 
 
Figure 4.4 Diode input impedance calculated with Large Signal S-parameter analysis over the frequency range 
of 400 to 900 MHz with various unmatched input power levels.  
(The 2:1 voltage standing wave ratio (VSWR) boundary is shown with a dashed circle on the Smith Chart).  
 
Chapter 4 – Multi-Service Highly Sensitive Rectifier 
76 
 
In order to provide maximum power transfer from the antenna to the rectifier circuit, an 
impedance matching stage is essential. Designing the matching network is not straight-
forward, since the rectifier is a nonlinear load with a complex impedance that varies with 
frequency and input power level. The impedance matching network is responsible for a low 
loss (minimum reflection) transmission between the receiving antenna and the rectifier. 
Without impedance matching, the RF energy will be reflected to the source and not delivered 
to the rectifier efficiently.  
Hence, the aim is to match the input impedance of the device to 50 Ω at 478-496 MHz and 
852-869 MHz bands over a broad range of input RF powers (−40 to −10 dBm). The 
procedure commences by matching the diode input impedance at high unmatched source 
power and shifting the diode input impedance at various power levels to within the voltage 
standing wave ratio (VSWR) < 2 circle on the Smith Chart. This procedure is based on that 
the diode input impedance does not change drastically in this low power range since the 
rectification device is turned off. The simulation results of Figure 4.4 prove that this was the 
case. 
 
In this chapter, a dual resonant rectifier network is designed as a transition between a 50 Ω 
nominal antenna output and the non-linear rectification device over the power range of െ40 
to െ10 dBm (See Figure 4.5). This can maximise the PCE at the specific frequencies where 
the maximum ambient signal level is available.  
Hence, a coupled-resonator structure with both series and shunt resonators were designed to 
achieve a dual-band network [124]. The linear equivalent circuit model of the SBD chip has 
been taken into consideration to design a dual band matching circuit at the desired frequency 
bands [123].  
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In Figure 4.5 (a), Cequivalent represents the total capacitance of the diodes and bypass capacitor 
and Lequivalent is the overall parasitic inductance of the diodes. The series L-C resonator (L4 + 
Lequivalent and Cequivalent) and the parallel L-C resonator (C3 and L3) define the dual resonant 
circuit. The series resonator corresponds closely to the higher band specification of 852-869 
MHz, whilst the parallel resonator approximates the lower 478-496 MHz band. A minimum 
number of components were used in order to reduce the ohmic and parasitic losses.  
 
 
Figure 4.5  Schematic of the proposed dual resonant rectifier. Optimised parameters of the chip components are: 
 L1= 3.9 nH, C1= 0.2 pF, L2= 12 nH, C2= 1.8 pF, L3′= 3.9 nH, C3′ = 7.5 pF, L4′ = 11.6 nH, Lequivalent ≅	1 nH, 
Cequivalent ≅	1.3pF.  
 
The resonant frequency of each sub-circuit was determined in isolation using the following 
equation: 
f ൌ 12π√LC																																										ሺ4.2ሻ 
The 852-869 MHz band resonator circuit components were calculated. Here, C = Cequivalent ≅
	1.3 pF consists of the combination of the bypass capacitor (6.8 pF) and the overall junction 
(Cj0 = 0.7 pF) and parasitic capacitance (Cp = 0.08 pF) of D1and D2. Thus, L is calculated to 
be 26.5 nH in order to achieve an appropriate resonant frequency. Note that, L consists of L4 
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and the overall parasitic inductance (Lequivalent ≅	1 nH) of D1 and D2. The 478-496 MHz band 
resonator circuit components were calculated as C3	≅ 15 pF and L3	≅	7.2 nH. Hence, the 
initial component values are determined for the two resonant circuits.  
Initially these resonators were combined to achieve a dual-band structure. Then standard LC 
matching technique [124] are utilised to determine C1, C2, L1, and L2 to achieve minimum 
reflection at the resonant frequencies. The substitution of realistic chip component values 
with their associated parasitics, and additions of 50 Ω microstrip lines and T-junctions 
introduce delays and shift the imaginary part of the input impedance. The via-holes also 
contribute to extra inductance in the circuit. Hence minor circuit adjustments are made in 
order to fine tune the resonant frequencies to the desired values. The final optimised values of 
the standard chip components are: L3′	= 3.9 nH, C3′ = 7.5 pF and L4′	= 11.6 nH.  
Large Signal S-parameter (LSSP) analysis is performed to demonstrate the matching network 
performance as the input power is varied. Simulation results for the input impedance of the 
circuit depicted in Figure 4.5 are illustrated in Figure 4.6. The proposed dual-resonant 
matching circuit achieves a VSWR < 2 at 478-496 MHz and 852-869 MHz for input power 
ranging from െ40 to െ10 dBm.  
It should be noted that the matching circuit was designed based on the input impedance of 
two diodes and the output resistor and capacitor (Figure 4.2). Therefore, selecting a different 
value for the load resistor requires a new matching circuit. 
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Figure 4.6 Dual resonant impedance matching with −40 to −10 dBm Input RF power.  
(a) 478-496 MHz. (b) 852-869 MHz. (The 2:1 voltage standing wave ratio (VSWR) boundary is shown with a 
dashed circle on the Smith Chart). 
 
4.3 Results and Discussion 
 
In order to confirm the rectification performance, the proposed dual resonant rectifier was 
fabricated on a 1.58 mm FR-4 substrate with a dielectric constant εr ≈ 4.5 and a loss tangent  
δ ≈ 0.025. These substrate parameters were measured using the Nicolson-Ross method [125], 
so accurate values could be used in the rectifier design. A photograph of the fabricated dual 
resonant rectifier is shown in Figure 4.7 which depicts input RF port, dual-band matching 
network lumped components, Schottky diodes and the output terminal.  
Chapter 4 – Multi-Service Highly Sensitive Rectifier 
81 
 
It should be noted that, in order to design a compact rectifier circuit with a reasonable size, 
using distributed transmission line (TL) elements are not applicable at the selected operating 
frequencies (478-496 MHz). 
The performance of the rectifier was verified by measuring the input reflection properties, 
and the output power was calculated from the measured output DC voltage for the input 
powers ranging from −40 to −10 dBm (0.1 to 100 µW). 
 
 
 
Figure 4.7 Fabricated dual resonant rectifier prototype. 
 
 
 
4.3.1 Reflection Coefficient 
 
The |S11| of the rectifier was evaluated using a vector network analyser (VNA). The VNA was 
re-calibrated for each input power level. Figure 4.8 compares the simulated and measured 
|S11| versus frequency for the dual resonant rectifier circuit at four different input power levels 
from −40 to −10 dBm. The measured results show very good agreement to the simulations. A 
slightly higher reflection was observed for the resonant frequencies at the lower part of the 
input power range (due to the diode characteristics). However, the proposed rectifier circuit is 
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well-matched (|S11| < െ10 dB) at the desired frequency bands of 478-496 MHz and  
852-869 MHz over the broad range of input powers from −40 to −10 dBm. The small 
difference between simulation and measurement is due to the parasitic extraction accuracy.  
 
 
 
Figure 4.8 Simulated and measured |S11| as a function of frequency and input RF power for the proposed dual 
resonant rectifier circuit. (a) −10 dBm. (b) −20 dBm. (c) −30 dBm. (d) −40 dBm. 
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4.3.2 Output DC Power and Efficiency 
 
In the frequency domain, the Harmonic Balance method of analysis provides a 
comprehensive treatment of a multispectral problem [100]. The method intrinsically takes 
into account the DC component and a specified number of harmonics, while allowing the 
ability to specify the source impedance and harmonic terminations.  
A Harmonic Balance simulation was used to numerically evaluate the output DC voltage of 
the dual resonant rectifier for both single and dual input tones. The output DC voltage across 
the load resistor was also measured and used to calculate output DC power. Measurements 
were performed using a Wiltron 68247B synthesised signal generator as a RF power source 
for the rectifier circuit. Recording of the output DC voltage across the load resistance was 
achieved with a Fluke 79III digital voltage meter. The RF source power was initially set at 
−10 dBm, and decreased in 2 dB steps. In the dual-band measurement case, two RF signal 
generators were fed to the rectifier circuit simultaneously via a power combiner (to provide a 
real life scenario).  
The simulation and measurement results for single and dual input tones are summarised in 
Figure 4.9 (a) and (b). A measured DC voltage of 772.8 mV is achieved with two 
simultaneous input tones at an input power of −10 dBm. For single tone measurements, DC 
voltages of 436 mV and 286 mV at 490 MHz and 860 MHz respectively are produced.  
The comparison between the 490 and 860 MHz single rectifiers highlights the impact of the 
input frequency on the PCE. A higher amount of DC voltage can be generated at the lower 
frequency. This difference comes from decreasing diode performance at the higher frequency 
due to the higher junction capacitance of the diode [52]. 
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Importantly, a slightly higher DC voltage can be generated with the dual resonant rectifier if 
compared to the sum of output voltage from the two single bands, particularly at the lower 
input power levels as can be seen in Figure 4.9 (b) which shows the lower power section of  
Figure 4.9 (a) in more detail.  
By maximising power collection from various sources of different frequencies and delivering 
the combined power to the rectification circuit, the diode conversion efficiency is enhanced 
which results in a higher level of rectified voltage. 
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Figure 4.9 Output DC voltage as a function of input RF power for single input tone at both 490 MHz and  
860 MHz and for dual input tones (a) with −40 to −10 dBm (0.1 to 100 µW) Input RF power (b) with −40 to −24 
dBm (0.1 to 3.98 µW) Input RF power. (This power range is associated with the signal source). 
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Figure 4.10 (a) and (b) compares the simulated and measured output DC power for the dual 
resonant rectifier circuit with both single and dual input tones (Figure 4.10 (b) shows the 
lower power section of Figure 4.10 (a) in more detail). A measured DC power of 17.3 μW 
and 7.5 μW can be generated at 490 MHz and 860 MHz respectively with a single input tone 
of −10 dBm (100 μW). This represents true efficiencies of 17.3% and 7.5% for the individual 
single band rectification (See Figure 4.11). However, the measured DC output power with 
two concurrent input tones of −10 dBm is 54.3 μW which corresponds to an “effective 
efficiency” of 54.3% for the dual-band rectifier (See Figure 4.12 (a) and (b)). This represents 
a 3.14 and 7.24 times increase in output DC power over the single tone excitation at 490 MHz 
or 860 MHz respectively.  
This trend is evident down to low input power levels (around 40 W). Furthermore, there is a 
significant increase in the PCE of the dual resonant rectifier for lower input power levels  
(< 40 W) compared to the single resonant rectifier.  
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Figure 4.10 Output DC power as a function of Input RF power for single and dual input tones. (a) With 0.1 to 
100 µW (−40 to −10 dBm) Input RF power. (b) With 0.1 to 3.98 µW (−40 to −24 dBm) Input RF power (at very 
low input power, the output power of single tone at 860 MHz is very low compared to the dual resonator output 
power.) 
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Figure 4.11 RF to DC conversion efficiency as a function of input RF power for single band rectification. 
 
 
Here, the effective efficiency (Figure 4.12 (a) and (b)) is defined as the ratio of output DC 
power to the available input RF power rather than the power delivered to the diodes (equation 
(4.3)). The available power level is associated with the signal source. For the single resonator, 
the available input power is −10 dBm and the delivered power is also −10 dBm (assuming no 
loss). However, by creating a dual resonant matching network the power delivered to the 
diodes is close to −7 dBm (combined total input power from two signal generators) but the 
available power is still −10 dBm. Hence, in the “effective efficiency” calculation where two 
tones of −10 dBm are applied to the rectifier, the input power is considered as −10 dBm 
(which is the available input power). 
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Therefore, delivering multiple input RF signals into a single rectification stage results in a 
high sensitivity rectifier, which is widely applicable to real environmental RF energy 
scavenging.  
This multi-band technique can provide higher DC power than combining two separate single 
frequency rectifier circuits operating at the same frequencies. This is due to the fact that 
harvesting RF energy from various available sources simultaneously increases the delivered 
power to the rectifier, which improves the diode conversion efficiency and consequently 
enhances the output DC power. Table 4.1 summarises this work as compared to previous 
published works. 
 
Chapter 4 – Multi-Service Highly Sensitive Rectifier 
90 
 
 
 
Figure 4.12 Effective RF to DC conversion efficiency as a function of Input RF power for dual resonant         
rectification. (a) With 0.1 to 100 µW (−40 to −10 dBm) input RF power.  
(b) With 0.1 to 3.98 µW (−40 to െ24 dBm) RF input power. 
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Table 4.1 RF Energy Scavengers Comparison 
 
Ref. 
 
Technology 
 
Measured Efficiency (%) 
 
RF Power Variation 
(in PCE Evaluation) 
 
Rectification 
Technique 
[79] Schottky diode 82@50 mW N/A Single resonator 
[56] Schottky diode 44@−10 dBm N/A Single resonator 
[100] Schottky diode 
 
20@0.07 mW/cm2 
0.1@10−5 mW/cm2 
10−5 to10−1 mW/cm2 
 
Broad band 
[93] Schottky diode 77.13@22 dBm 
(158.49mW) 
0 to 160 mW Dual resonator 
[94] CMOS 
 
9.1@−19.3 dBm(900MHz) 
8.9@−19 dBm(2GHz) 
N/A Dual resonator 
[95] Schottky diode 37(915MHz)@−9 dBm 
30(2.45MHz)@−9 dBm 
−40 to 0 dBm Dual resonator 
[82] Schottky diode 84.4@89.84 mW 
(2.45GHz) 
82.7@49.09 mW (5.8GHz) 
0 to 100 mW Dual resonator 
[58] Schottky diode 80@10 dBm (940MH) 
47@8 dBm (1.95GHz) 
43@16 dBm (2.44GH) 
−14 to 20 dBm Triple resonator 
[91] Schottky diode 50@−5 dBm −25 to 0 dBm Dual resonator with 
tunable input response 
This work Schottky diode 54.3@−10 dBm 
11.25@−18 dBm 
(490 and 860 MHz) 
−40 to −10 dBm 
(0.1 to 100 µW) 
Dual resonator 
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It should be highlighted that, although using different loads for different input powers results 
in maximum power transfer, this is not applicable in a real life scenario. In reality, a fixed 
rectifier circuit is required to harvest a broad range of RF power with a determined 
load resistor. Hence, the optimised value of the load (11 KΩ) was used for all power levels 
(as discussed in Section 4.2.3). In order to evaluate the sensitivity of PCE to the load, 
different values of resistors are selected and efficiencies are simulated (See Figure 4.13). It is 
evident that, when the load value is altered by 20% (e.g. 9.1 KΩ and 13 KΩ), PCE only 
degrades by about 1%. This shows PCE is quite insensitive to the load resistor. However, by 
changing the load value substantially (e.g. 1 KΩ and 51 KΩ), PCE degrades significantly. 
 
 
 
Figure 4.13 Effective RF to DC conversion efficiency as a function of input RF power for dual resonant 
rectification with different load resistors over 0.1 to 100 µW (−40 to −10 dBm) Input RF power. 
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4.3.3  Real Environmental Measurements of the Dual-Band Rectifier 
 
 In order to provide a realistic scenario for the proposed dual-band rectifier, measurement 
results were taken in three suburbs of Melbourne, Australia, congruent with Chapter 3 
outcomes. Table 4.2 summarises these environmental measurement results.  
It should be noted that the lower band (478-496 MHz) has a 3.67% fractional bandwidth and 
the higher band (852-869 MHz) has approximately 2% fractional bandwidth. Hence, various 
RF frequencies from different sources can be harvested within these two bands. The 
environmental measurement results demonstrate the feasibility of harvesting ambient EM 
energy from multiple sources simultaneously.  
 
Table 4.2 Environmental Measurement Results of the Dual-Band Rectifier 
Suburb Available 
Frequencies (MHz) 
Respective Available RF Power 
(dBm) [µW] 
Measured DC 
Power (µW) 
PCE 
(%) 
Bayswater 486, 488, 489, 490 
491, 867, 868, 869 
870, 871, 872, 873 
874 
−19[12.5], −20[10], −17[19.95], −15[31.62]  
−22[6.3], −37[0.199], −37[0.199], −30[1] 
−24[3.98], −20[10], −30[1], −37[0.199] 
−40[0.1] 
39.38  40.57 
Bentleigh 491, 492, 494, 495 
865, 866, 867, 868 
869, 870, 871 
−12[63.09], −46[0.02],−42[0.063],−57[0.001]  
−27[1.99], −27[1.99], −30[1], −37[0.199]  
−40[0.1], −40[0.1], −41[0.07] 
30.9  45.02 
RMIT University 
(Melbourne 
CBD) 
487, 488, 489, 490 
491, 851, 861, 862 
866, 867, 868, 869 
−30[1], −22[6.3], −29[1.25], −22[6.3]  
−20[10], −23[5.01], −21[7.94], −21[7.94] 
 −30[1], −35[0.31], −40[0.1], −40[0.1] 
14.5  30.68 
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4.4 Conclusion 
 
The feasibility of harvesting ambient EM energy from multiple sources simultaneously is 
investigated in this chapter. The proposed dual resonant rectifier operates at two frequency 
bands (478-496 and 852-869 MHz), which are used for broadcasting and cellular systems. 
The dual resonant rectifier exhibits favourable impedance matching over a broad input power 
range (−40 to −10 dBm) at these two bands. The achieved sensitivity and dynamic range 
demonstrate the usefulness of this innovative low input power rectification technique.  
Simulation and experimental results of input reflection coefficient and rectified output power 
are in excellent agreement. The measurement results demonstrate that a two-tone input to the 
proposed dual-band RF energy harvesting system can generate 3.14 and 7.24 times more 
power than a single tone at 490 or 860 MHz respectively, resulting in a measured effective 
efficiency of 54.3% for a dual-tone input power of −10 dBm.  
It is evident that this dual resonant rectification technique increases the RF to DC effective 
conversion efficiency, and hence the recoverable DC power for low power applications. 
Furthermore from a design and economic perspective, utilising a large number of components 
(e.g. diodes) to realise individual rectifier circuits for each frequency band creates additional 
expense (e.g. multi-band rectifiers with DC combing method). The proposed dual-band 
rectifier circuit could harvest two bands concurrently, using a minimum number of 
components.  
In order to provide more realistic measurement results, the proposed dual-band rectifier was 
tested in three suburbs of Melbourne, Australia. The proposed highly sensitive rectifier has 
3.67% and 2% fractional bandwidth at the lower and the higher band respectively and hence, 
various RF source frequencies can be scavenged within these two bands. It was shown that 
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the rectifier could generate 39.38 µW by harvesting RF energy from two bands in the suburb 
of Bayswater. 
Therefore, this dual-band technique offers a simple and cost-effective solution which is of 
paramount importance for environmental power harvesting systems. This innovative 
technique has the potential to generate a viable energy source for low power applications in 
urban environments. 
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Chapter 5 – Highly Sensitive Rectenna Embedded in 
Building Materials 
 
 
 
 
 
5.1 Introduction 
 
RF energy harvesting is a promising solution to provide a sustainable energy source for the 
long-term conservation of the environment and the global economy. RF energy scavenging 
has the advantage of diffracting from and penetrating inside building materials and hence can 
be harvested inside the buildings as well. Therefore, an innovative idea is proposed in this 
chapter to embed a highly sensitive and efficient rectenna system in building materials to 
harvest ambient RF energy and generate a viable energy source in urban environments, 
predominately for low power applications (e.g. home and office devices). 
Since ambient RF energy levels are lower than those that can be generated by a dedicated RF 
source, the efficiency and sensitivity of the harvesting system are of paramount importance. 
Furthermore, the scavengeable power level is generally unknown; different to WPT (wireless 
power transmission); hence, input power variation should be considered when designing a 
rectification network. 
In spite of all the achievements in rectenna design, a vast majority of the literature has 
focused on harvesting RF energy at a given and often high input power level (e.g. WPT 
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scenarios). As it has been discussed in Chapter 2 and demonstrated in Chapter 4, harvesting at 
a sensitivity of below −40 dBm (0.1 µW) has not been achieved.  
Based on the outcomes from Chapter 3 and 4, in order to increase the amount of RF energy 
scavenged by a rectenna, it is crucial to identify and harvest various ambient frequency 
sources over their realistically available energy range. In Chapter 4, a new approach to 
harvest ambient RF energy from multi tones simultaneously was proposed. A sensitive dual-
band rectifier has been developed using a minimum number of components and has achieved 
an effective efficiency of 54.3% for dual input tones of −10 dBm. The power conversion 
efficiency (PCE) and large signal analysis were shown over a broad low input power range 
(−40 to −10 dBm), and a fractional bandwidth of less than 4% was reported at each band. 
However, higher sensitivity (as discussed in Chapter 3) and efficiency are required for 
environmental RF energy scavenging. To address this, harvesting energy over a wider 
frequency band could increase the sensitivity and hence the output DC power. This can be 
achieved by scavenging more RF signals and deliver more power to the rectification device.  
Although widening the matching network bandwidth would be a solution to capture energy 
across a large section of the available spectrum, there are some drawbacks. Ultra-widening 
the bandwidth may not result in higher sensitivity, and efficiency. This is due to the reduction 
in the quality factor of rectifier circuit which is inversely proportional to its bandwidth [108]. 
Furthermore, from a design point of view, it is very challenging to realise a broadband 
rectifier due to the non-linearity of the diode impedance with input power across the 
frequency band. Hence, ultra wideband rectifier is not an optimum solution for ambient 
energy harvesting as this typically results in very low efficiency at any specific  frequency 
[100]. 
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Therefore, in this chapter a broadband matching network with an optimum bandwidth is 
selected in order to capture RF energy from various frequencies concurrently and also to 
satisfy the Bode-Fano limits in matching network design [108]. The proposed rectifiers are 
able to operate over a broad range of very low input RF power for low-power rectification.  
It should be noted that, throughout this work, broad band refers to up to 22% fractional 
bandwidth with the low insertion loss. 
Hence, the embodiment in this chapter realizes rectifier circuits with 12.6 % and 22% 
fractional bandwidths (neither narrow band, nor ultra-wideband) in the 520-590 MHz and  
89-111 MHz bands respectively. These bands are allocated to the television and FM 
broadcasting services respectively, as shown in the Australian Radiofrequency Spectrum Plan 
[114]. When considering the measurements carried out in Chapter 3, these broadcasting bands 
provide stable RF scavenge sources with a suitable level of ambient RF power. They are also 
widely available in most metropolitan areas as demonstrated within Chapter 3.   
Furthermore, the practicality of embedding RF energy harvesting systems in building 
materials is investigated, creating a structurally integrated energy scavenging system. To 
address this, the proposed FM band rectifier is integrated with a simple dipole antenna to 
realise a rectenna. The rectenna is then embedded into building materials (plaster board), 
creating an innovative harvesting system,  aiming to provide a sustainable, green, and 
inexpensive energy source for use in urban environments. 
This research focuses on real life RF energy scavenging methods to provide electrical energy 
for home and office devices. This chapter is dedicated to harvest RF energy from multiple 
frequencies simultaneously to enhance the sensitivity and hence increasing the output DC 
power.  The proposed FM band rectenna achieves a sensitivity of െ50 dBm (0.01 µW), which 
to the best of knowledge is the highest sensitivity reported for an ambient energy harvester. 
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5.2 Concept of Embedding Rectennas in Building Materials 
 
The key vision of this section is to investigate the practicality of embedding efficient and 
sensitive RF energy harvesting systems in building materials. This synergy between a 
rectenna and the surrounding building materials can create a structurally integrated energy 
scavenging system.  
A conceptual illustration of a RF energy harvesting system embedded in plaster is depicted in 
Figure 5.1. Here, rectified DC power will be available in the building through DC sockets 
with different voltage setting; removing the need for AC adaptors in many applications. With 
the integration of the rectenna within structural materials, there is no need for external panels 
to be mounted on the building. These structural panels can be integrated in existing building 
structures such as roofs or walls. Hence, additional installation and fabrication costs can be 
reduced. The creation of efficient rectenna arrays in buildings provides potential for a 
sustainable and green energy source in urban environments, predominately for low power 
applications (e.g. home and office devices).  
Figure 5.2 also depicts the proposed system for exploiting embedded rectennas in building 
materials for RF energy harvesting (an antenna is integrated with the rectifier to realise a 
rectenna). In outdoor scenarios, numerous rectennas can be embedded in roof tiles and a DC 
path can be provided by roof tile hooks. For indoor scenarios, rectennas can be integrated 
with wall or ceiling plaster boards. DC current produced by each rectenna element will be 
combined and made available through DC sockets with different voltage settings.  
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Figure 5.1 Embedded rectenna in plaster for RF energy harvesting. 
 
 
 
Figure 5.2 Embedded rectennas in building materials for RF energy harvesting. (a) Outdoor scenario. (b) Indoor 
scenario. (c) Embedded rectenna in a roof tile. (d) Embedded rectenna in a plaster board. 
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Various home and office devices will benefit from such an RF energy harvesting system. 
Devices can include laptops, mobile phones, chargers, portable devices (toothbrush, electric 
shaver, digital camera, hand held drilling machine, etc.), sensors in smart buildings, and 
generally any DC powered user devices (Figure 5.3). Hence, this innovative idea offers a 
simple and cost-effective alternative solution to generate DC power from dissipated RF 
signals. 
 
 
 
 
Figure 5.3 RF energy scavenging applications in urban environments. 
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5.3 Television Broadcasting Band (520- 590 MHz) Rectifier      
Design 
 
Generating high DC output power is the main task when designing an efficient RF scavenger. 
Hence as discussed in previous chapters, a highly sensitive rectifier is essential for very low 
RF energy harvesting. Towards this goal, a sensitive rectification device with a very low turn 
on voltage is required. Therefore, in this work, a sensitive microwave Schottky detector 
HSMS2850 (Cj = 0.18 pF, Rs = 25 Ω, Is = 3 × 10−6 A) [53, 126] is chosen with only 150 mV 
threshold voltage. This makes it suitable for rectification at low ambient energy levels. In 
order to enhance the sensitivity, the selected diode in this chapter is more sensitive than the 
diode used in Chapter 4 (HSMS2850 is more suitable for power levels below −20 dBm, 
however, it works reasonably up to 0 dBm). 
The embodiment in this section realizes a rectifier circuit with 12.6% fractional bandwidth 
operating at 520-590 MHz over −40 to −10 dBm. This rectifier is able to produce a higher 
amount of DC power compared to the rectifier in Chapter 4, with a single tone excitation due 
to the high sensitivity rectification device and lower operating frequency (compared to the 
860 MHz resonator in Chapter 4).  
 
5.3.1 Voltage Doubler and Matching Network Design 
 
As recommended in Chapter 4, in order to enhance the sensitivity, a voltage doubler rectifier 
structure (Figure 5.4), is considered as a core of the RF-DC power conversion system since 
this topology is appropriate for low power rectification. Large Signal S-Parameter analysis in 
Agilent ADS software was used to specify and optimise the load impedance and bypass 
capacitor (Cbypass = 2 pF, Rload= 7.5 KΩ).     
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Figure 5.4 (a) Schematic of a voltage doubler rectifier without matching network.  
(b) Fabricated voltage doubler prototype. 
 
The input impedance of the circuit depicted in Figure 5.4 (a) is analysed using a Harmonic 
Balance (HB) simulator and a nonlinear model of the diodes in ADS over the frequency range 
of 500 to 600 MHz at various low input power levels. Large Signal S-parameter (LSSP) 
analysis was performed and various input RF powers are fed directly to the Schottky diodes 
configuration of Figure 5.4 which does not have a matching network in order to find 
approximate input impedance value as the starting point (defining the load impedance). A 
vector network analyser (VNA) was also used to measure the input impedance of the device 
(Figure 5.4 (b)) and validate the simulation results as shown in Figure 5.5 and summarised in 
Table 5.1.  
As it can be seen in Figure 5.5, with increasing the source power (−10 to 0 dBm), the diode 
impedance is changing and it is beginning to switch on. The simulation and measurement 
results of Figure 5.5 demonstrate that the diode input impedance does not drastically change 
with low power range (e.g. at −20 dBm) as the diode is turned off. 
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Figure 5.5 Voltage doubler input impedance calculated with Large Signal S-parameter (LSSP) analysis and 
measured with VNA over the frequency range of 500 to 600 MHz with various unmatched input power levels 
(−20 to 0 dBm). (The 2:1 voltage standing wave ratio (VSWR) boundary is shown with a dashed circle on the 
Smith Chart).  
 
Table 5.1 Voltage Doubler Input Impedance Over 500-600 MHz 
 
 
 
 
 
 
Input RF power (dBm) [µW] 500 MHz 600 MHz 
−20               [10] 50*(1.98െj*11.25) 50*(1.42െj*9.44) 
−15               [31.62] 50*(3.56െ j*10.51) 50*(2.58െj*9.01) 
−10               [100] 50*(6.1െj*6.27) 50*(4.97െj*6.1) 
−5                 [316.22] 50*(4.9െj*2.09) 50*(4.58െj*2.33) 
  0                  [1000] 50*(3.49െj0.78) 50*(3.42−െj*0.91) 
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As discussed in Chapter 4, the objective is to match the input impedance of the device to  
50 Ω at the television broadcasting band over a broad range of input RF powers (െ40 to െ10 
dBm). Hence, a shunt-C coupled band pass filter consisting of series resonant L-C circuits 
coupled via shunt capacitors are used to design a matching network with desired bandwidth 
[124, 127].  
The advantage of coupled-resonator filters is that they do not require a wide range of 
inductance values. Furthermore, by placing series capacitors on either side of the inductors, 
the inductors can be made to operate in differential mode around the pass band. Therefore, the 
high Q resonator decreases the pass band insertion losses [128]. Using filter synthesis [124, 
127], a high Q band pass matching circuit with a fractional bandwidth of 12.6% is designed 
and is depicted in Figure 5.6.  
Surface Mount Technology (SMT) components with their package parasitics were considered 
in the simulation to achieve accurate results. Further circuit optimizations are applied in order 
to fine tune the matching circuit components to achieve the desired bandwidth. 
 
      
 
Figure 5.6 Schematic of the proposed TV band rectifier circuit. 
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5.3.2 Results and Discussions of the TV Band Rectifier 
5.3.2.1   Reflection Coefficient  
 
In order to evaluate the matching network performance with various input power levels, large 
Signal S-parameter (LSSP) analysis is conducted. Simulation results for the input impedance 
of the circuit depicted in Figure 5.6 are illustrated in Figure 5.7.  
The proposed matching circuit achieves a VSWR < 2 over 520-590 MHz for input power 
ranging from −40 to −10 dBm (0.1 to 100 μW). Figure 5.8 shows the simulated |S11| versus 
frequency for the rectifier circuit at four different input power levels. The proposed rectifier 
circuit is well matched (|S11| < −10 dB) at the desired frequency band over the broad range of 
low input powers (−40 to −10 dBm). 
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Figure 5.7 TV band rectifier impedance matching over 520-590 MHz, with −40 to −10 dBm (0.1 to 100 µW) 
Input RF power. (The 2:1 voltage standing wave ratio (VSWR) boundary is shown with a dashed circle on the 
Smith Chart). 
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Figure 5.8 Reflection coefficient |S11| as a function of frequency and input RF power for the proposed sensitive 
TV band rectifier. 
 
5.3.2.2 Output DC Power and Efficiency 
 
Several properties of the diode (e.g. nonlinear capacitance and reflected harmonic energy 
from the diode) at microwave frequencies require a comprehensive frequency-domain 
approach (discussed in Chapter 4). Hence, in the frequency domain the output DC voltage of 
the rectifier was evaluated using a HB simulation. This method inherently considers the DC 
parts and a specified number of harmonics; also the source impedance and harmonic 
terminations can be determined. The output DC power was then calculated using the output 
DC voltage across the load resistor (Figure 5.9).  
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As demonstrated, the DC power of 53 μW and 0.0015 μW can be generated with a single tone 
input of −10 dBm (100 μW) and −40 dBm (0.1 μW) respectively, which demonstrates an 
improved performance over the rectifier of Chapter 4 with a single tone excitation (comparing 
simulation results only). This is mainly due to the high sensitivity rectification device utilised 
in this design. Furthermore, at higher frequencies (e.g. 860 MHz in Chapter 4), higher 
junction capacitance degrades the diode efficiency and hence the rectifier performance. 
 
 
 
Figure 5.9 Output DC power as a function of input RF power for different frequencies within the matched TV 
frequency band (520-590 MHz). (The input power range corresponds to the signal level of each tone). 
 
The RF to DC conversion efficiency is defined as the ratio of output power to the input power 
(eqn. 4.3). Figure 5.10 indicates power conversion efficiencies of 53% and 1.5% at a single 
tone input of −10 dBm (100 μW) and −40 dBm (0.1 μW) respectively. As depicted, there is a 
significant increase in the PCE for the lower input power levels (< 40 μW) compared to the 
rectifier of Chapter 4 with a single tone excitation. Furthermore, similar efficiency over the 
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frequency band is achieved for a wide range of input power, hence demonstrating the 
appropriate matching at the desired band (the small difference in the efficiency values at 
various frequencies is due to the diode characteristics.) 
 
 
 
 
Figure 5.10 RF to DC power conversion efficiency as a function of input RF power for different frequencies. 
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5.4 FM Broadcasting Band (88- 108 MHz) Rectifier Design 
 
In order to enhance the sensitivity and efficiency of the rectifier, not only a sensitive 
rectification device is required (previous section), but also harvesting energy over a wider 
frequency band to collect more RF signals and deliver more power to the rectification device 
is recommended (as discussed in Chapter 3 and Chapter 4). Hence, a system that harvests 
power from several ambient RF energy sources of different frequencies and combines them to 
activate a single rectification circuit via a matching network with 22% fractional bandwidth is 
proposed.  
It is worth highlighting that the notion of combining RF signals refers to harvesting various 
signals with a broadband antenna and delivering more signals simultaneously to the diode via 
a broad band matching network - it is not referring to an actual combiner device. 
Similar to Section 5.3, a voltage doubler rectifier structure (as seen in Figure 5.4) is 
considered as a core of the RF-DC power conversion system. Using Large Signal S-
Parameter analysis in Agilent ADS software, the load impedance and bypass capacitor was 
determined and optimised (Cbypass= 43 pF, Rload= 18 KΩ).        
 
Harmonic balance analysis and a nonlinear model of the diodes in ADS were used to 
calculate the impedance of the circuit depicted in Figure 5.4 (a) over the frequency range of 
80 to 120 MHz at different low input power levels. A vector network analyser (VNA) was 
used to measure the input impedance of the device (Figure 5.4 (b)) and validate the 
simulation results as shown in Figure 5.11. These have been summarised in Table 5.2.  
As demonstrated in Figure 5.11 and Table 5.2, increasing the source power (−10 to 0 dBm) 
has a direct influence on the impedance of the diode, which is varying and beginning to 
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switch on (e.g. at 0 dBm). Hence, the input impedance of the device was determined by 
applying a high unmatched power (e.g. 0 dBm) and then used in design of a matching 
network.  Similar to the previous section, the simulation and measurement results of Figure 
5.11 demonstrate that the diode’s input impedance does not significantly change with low 
power range (e.g. –20 dBm).  
        
 
 
Figure 5.11 Voltage doubler input impedance calculated with Large Signal S- parameter (LSSP) analysis and 
measured with VNA over the frequency range of 80 to 120 MHz with various unmatched input power levels 
(−20 to 0 dBm). (The 2:1 voltage standing wave ratio (VSWR) boundary is shown with a dashed circle on the 
Smith Chart). 
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 Table 5.2 Voltage Doubler Input Impedance Over 80-120 MHz 
 
 
In order to transfer maximum power, a matching network is required as a transition between a 
50 Ω nominal antenna output and the rectification device at the FM band over a broad range 
of low input RF power (–50 to –10 dBm).  
Similar to the previous rectifier design, using filter synthesis [124, 127], a high Q band pass 
matching circuit with a fractional bandwidth of 22% is designed and is depicted in Figure 
5.12. The input impedance of the device at 0 dBm (high unmatched power) was used as the 
seed value in the design of the matching network.  
Initially, ideal components from the ADS library were used to design a matching network. 
Then, similar to the previous design section, SMT components with their package parasitics 
were considered in the simulation to achieve accurate results. The substitution of realistic 
chip component values with their associated parasitics, and addition of 50 Ω microstrip lines 
and T-junctions introduce delay and shift the imaginary part of the input impedance. The via-
holes also contribute to extra inductance in the circuit. Further, circuit optimizations are 
applied in order to fine tune the matching circuit components to achieve the desired 
bandwidth.  
Input RF power (dBm) [µW] 80 MHz 120 MHz 
−20               [10] 50*(34.72െj34.43) 50*(21.48െj31.85) 
−15               [31.62]  50*(28.81െj14.96) 50*(27.77െj*17.7) 
−10               [100] 50*(12.66െj2.24) 50*(12.19െj3.24) 
−5                 [316.22] 50*(5.93െj*0.43) 50*(5.89െj*0.64) 
  0                  [1000] 50*(3.766െj0.14) 50*(3.75െj0.21) 
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The final optimised values of the standard chip components are defined in  
Figure 5.12. A minimum number of components were used in order to reduce the ohmic and 
parasitic losses. 
 
 
 
Figure 5.12 Schematic of the FM rectenna. The optimised values of the standard chip components are:  
C1=30 pF, L1=150 nH, C2=33 pF, C3=82 pF, L2=150 nH, C4=24 pF, C5=160pF, L3=82 nH,  
C6=62 pF, C7=82 pF, L4=560 nH, C8=150 pF, C9=3.6 pF, C10=1 nF, C=43 pF, R=18 KΩ.  
 
In order to evaluate the matching network performance with various input power levels, large 
Signal S-parameter (LSSP) analysis is conducted. Figure 5.13 demonstrates the simulation 
results for the input impedance of the circuit presented in Figure 5.12.  
The proposed matching circuit achieves a VSWR < 2 over 89-111 MHz for input power 
levels of –50 to –10 dBm (0.01 to 100 μW). 
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Figure 5.13 FM band rectifier impedance matching over 89-111 MHz, with −50 to −10 dBm (0.01 to 100 µW) 
Input RF power. (The 2:1 voltage standing wave ratio (VSWR) boundary is shown with a dashed circle on the 
Smith Chart). 
 
 
 
5.4.1  Results and Discussion of the FM Band Rectifier 
 
A rectifier circuit with 22% fractional bandwidth that harvests various ambient signals to 
enhance the sensitivity is designed with the aid of Agilent ADS software. In order to confirm 
the rectification performance, the proposed FM rectifier is fabricated on a 0.535 mm Rogers 
TMM4 substrate with a dielectric constant εr ≈ 4.7 and a loss tangent δ ≈ 0.002. A photograph 
of the fabricated rectifier is shown in Figure 5.14 (a) which depicts matching network lumped 
components, Schottky diodes and the output terminal.  
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The proposed rectifier has a small footprint hence, multiple circuits can be accommodated in 
building materials, which is important from a design perspective (this will be discussed in 
Section 5.6).	
It should be noted that, due to parasitics and inaccuracy in the values of lumped components 
at the 89-111 MHz frequency band, precise component measurements were performed to find 
exact values and provide accurate results as generated from the simulation. In this work 
American Technical Ceramic (ATC) components were used. Measurement results of the 
scattering parameter (|S11|) and the output DC voltage are used to validate the RF scavenger 
performance. 
 
   
 
Figure 5.14 (a) Fabricated FM rectifier prototype. (b) Environmental measurement of the FM rectifier using a 
broadband discone antenna. 
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5.4.1.1    Reflection Coefficient 
 
Figure 5.15 illustrates the |S11| of the rectifier which was measured using a vector network 
analyser (VNA) and simulated using Large Signal S-Parameter analysis in Agilent ADS 
software. The measured results are in good agreement with the simulations. The proposed 
rectifier circuit is well matched (|S11| < –10 dB) at the favourable frequency band  
(89-111 MHz) over the wide range of very low input powers from –50 to –10 dBm  
(0.01-100 µW). The small difference between simulation and measurement is due to the diode 
parasitic extraction accuracy and tolerance of the circuit lumped components. 
 
 
 
Figure 5.15 Simulated and measured |S11| as a function of frequency and input RF power for the proposed FM 
rectifier circuit. (a) െ10 dBm (100 µW), (b) െ20 dBm (10 µW), (c) െ30 dBm (1 µW), 
 (d) െ50 dBm to െ40 dBm (0.01 to 0.1 µW). 
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5.4.1.2 Output DC Power and Efficiency 
 
Similar to the Section 5.3, HB simulation was used to numerically evaluate the output DC 
voltage of the rectifier. The output DC voltage across the load resistor was then used to 
calculate output DC power. 
Two scenarios were analysed; laboratory and real environmental measurements. In the 
laboratory case, a Wiltron 68247B signal generator was connected to the rectifier circuit as an 
RF power source to carry out measurements. The output DC voltage across the load 
resistance was measured using a Fluke 79III voltage meter. The RF source power was set at 
െ10 dBm at the beginning, and reduced in 1 dB steps. 
 
Figure 5.16 (a) and (b) compares the simulated and measured output DC voltage of the 
proposed rectifier circuit. Figure 5.16 (b) shows the lower power section of Figure 5.16 (a) in 
more detail. The small difference between simulation and measurement is due to the 
component model accuracy in ADS and the ohmic loss. As illustrated, a measured DC 
voltage of 860 mV and 1.6 mV is achieved with a single tone input power of –10 dBm  
(100 µW) and –50 dBm (0.01 µW) respectively at 96 MHz, highlighting the impressive 
sensitivity.  
 
The simulation and measurement results for the output DC power are depicted in Figure 5.17 
(a) and (b). As illustrated a measured DC power of 41 µW and 0.14 nW can be achieved with 
a single tone input of –10 dBm (100μW) and –50 dBm (0.01 μW) respectively at 96 MHz. 
The RF-DC conversion efficiency is also calculated as discussed in Section 5.3. The single 
tone excitation delivers a measured power conversion efficiency of 41% and 1.4 % at  
–10 dBm and –50 dBm respectively. Efficiency versus input power is provided in  
Figure 5.18. 
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Figure 5.16 Output DC voltage as a function of input RF power with a single tone excitation at 96 MHz:  
(a) With –50 to –10 dBm (0.01 to 100 µW) Input RF power. (b) With –50 to –25 dBm (0.01 to 3.16 µW) Input 
RF power. (This power range is associated with the signal source.) 
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Figure 5.17 Output DC power as a function of input RF power with a single tone excitation at 96 MHz for the 
proposed rectifier circuit: (a) With 0.01 to 100 µW (–50 to –10 dBm) Input RF power  
(b) With 0.01 to 5.01 µW (–50 to –23 dBm) Input RF power. 
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Figure 5.18 RF to DC efficiency as a function of Input RF power with a single tone excitation at 96 MHz over  
–50 to –10 dBm (0.01 to 100 µW) Input RF power. 
 
 
 
5.4.1.3  Multi-tone Excitation Measurements 
 
In order to demonstrate the effect of multi-signal excitation on the DC response and 
sensitivity of the rectifier [69], seven multiple tones of various frequencies (in the matched 
FM frequency band), are generated simultaneously with seven signal generators (from −50 to 
−10 dBm), summed using a power combiner and passed to the rectifier.  
Note that a power combiner was used to provide a real life case.  
 
 
Chapter 5 – Highly Sensitive Rectenna Embedded in Building Materials 
 
122 
 
The DC output voltage of the rectifier with various concurrent input tones is provided in 
Figure 5.19 (a), (b) and (c). Figure 5.19 (b) and (c) show the lower power levels of Figure 
5.19 (a) in more detail, demonstrating the improved sensitivity.  
As illustrated, a measured DC voltage of 1.8 V and 0.25 V can be achieved at –10 dBm  
(100 μW) and –25 dBm (3.16 μW) respectively with seven concurrent tones. In multi-tone 
case, total combined RF power from seven tones of –10 dBm and –25 dBm is around  
−1.54 dBm and −16.54 dBm respectively.  
Focusing on the lower available powers in a real environment (Figure  5.19 (c)), the proposed 
highly sensitive rectifier can generate 25.87 mV and 15.5 mV of DC voltage with the 
combination of seven tones at –40 dBm (0.1 μW) and –50 dBm (0.01 μW) respectively. In 
this case, total available RF power from seven tones of –40 dBm and –50 dBm at the input is 
around −31.54 dBm and −41.54 dBm respectively. 
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Figure 5.19 Measured output DC voltage as a function of input RF power for single tone and seven tones 
excitations: (a) With –50 to –10 dBm (0.01 to 100 µW) input RF power. (b) With 50 to –25 dBm (0.01 to 3.16 
µW) input RF power. (b) With –50 to –40 dBm (0.01 to 0.1 µW) input RF power.  
(The input power range corresponds to the signal level of each tone). 
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Figure 5.20 (a), (b) and (c) presents the measured output DC power of the proposed rectifier 
with seven-tone excitation and summarises the improved sensitivity and output DC power at 
very low input power levels (compared to the single tone excitation).  
As shown, a measured DC power of 180.43 μW and 13.76 μW can be achieved at –10 dBm 
(100 μW) and –20 dBm (10 μW) respectively with seven concurrent tones. Focusing on the 
lower available powers in a real environment (Figure 5.20 (c)), the proposed highly sensitive 
rectifier can generate around 37 nW and 13.3 nW of DC power with the combination of seven 
tones at –40 dBm (0.1 μW) and –50 dBm (0.01 μW) respectively.  
 
Hence, harvesting various RF signals and delivering more RF power to a single rectification 
step leads to a highly sensitive rectifier which can generate higher DC power, than the post 
rectification combining of individual single frequency rectifiers (using DC combing method) 
working at the same frequencies with very low input powers (<2 µW (െ27 dBm)). The 
reason is harvesting RF energy from several available frequencies concurrently enhances the 
delivered power to the rectifier, improving the diode conversion efficiency which eventually 
results in a higher amount of output DC power. This is particularly obvious at the lower input 
power levels as can be seen in Figure 5.20 (b) and (c).  
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Figure 5.20 Measured output DC power as a function of input RF power with multi tones for the proposed FM 
rectifier circuit. Seven frequencies from 93-99 MHz are applied to the rectifier.  
(a) With 0.01-100 μW (െ50 to െ10 dBm) input RF power, (b) with 0.01-10 μW (െ50 to െ20 dBm) input RF 
power. (c) With 0.01-1 μW (െ50to െ30 dBm) input RF power.  
(The input power range corresponds to the signal level of each tone). 
 
 
It should be noted that the rectifier has a quite similar output DC power (similar efficiency) at 
the selected frequencies between 93-99 MHz (Figure 5.21). Applying various tones at 
frequencies with widely variant efficiencies may result in different total DC outputs than 
those in Figure 5.20.  
Evaluation of rectified output DC power over the matched frequency band for various input 
RF power levels can be seen in Figure 5.21 (a), (b), (c) and (d) 
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Figure 5.21 Output DC power versus frequency for the proposed rectifier circuit at different input power levels. 
(a) െ10 dBm (100 µW), (b) െ20 dBm (10 µW), (c) െ30 dBm (1 µW), (d) െ40 dBm (0.1 µW),  
(e) െ50 dBm (0.01 µW). 
 
 
 
5.4.1.4 Multi-tone Excitation Analysis 
 
As seen in the previous section, applying multi-tone excitation to the rectifier (in the matched 
frequency band, results in a higher amount of output DC power when compared to a single 
tone excitation. It should be highlighted that, due to the non-linearity of the rectifier circuits, 
there is a non-linear relationship between the number of excited tones and output DC power, 
especially at very low power levels.  
For more clarity, if we assume N is the number of applied tones, then at low power levels 
(when total applied power is <−20 dBm for this diode as shown in Figure 5.20 (c));  
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P DC N-TONE > N* P DC 1-TONE         
For example as depicted in Figure 5.20 (c), with a single tone of −30 dBm only around 0.07 
µW DC power can be generated, however by applying seven tones of −30 dBm (total 
combined power at the input is −21.54 dBm, but still −30 dBm is available in ambient) 
around 1µW can be generated, which is 14.28 times higher than the single tone case.  
This is due to the fact that, at very low input power levels (e.g. −50 to −30 dBm) the 
rectification device is almost off, while by applying multi-tones and increasing the total 
available power at the input, the non-linear diode can work more efficiently and shifts to its  
linear region. Hence, this proves the advantage of broadening the bandwidth so multiple 
signals are delivered to the diode hence harvesting very low energy density ambient signals. 
Therefore, one rectifier which is able to capture N signals of different frequencies 
simultaneously performs better than N single frequency individual rectifies operating at the 
same frequencies at very low input power levels. 
It is evident that in real environmental cases where input RF levels are very low, this 
technique can capture these low level signals and improve the PCE (for example in a case 
where −21.54 dBm is not available, but there are seven signals at various frequencies with 
only −30 dBm power level). 
Therefore, DC combing method (N* P DC 1-TONE) is not an optimum solution at very low 
ambient power levels, where high sensitivity rectifier is required [98]. Whereas RF combing 
method (P DC N-TONE) can enhance the sensitivity of the rectifier by delivering various signals 
to the diode simultaneously (this was previously shown in Table 3.3). 
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It should be noted that the improvement in the output DC power by applying multi-tone 
excitation is limited by the non-linear diode performance. In presence of high power levels  
(~ > 0 dBm for HSMS2850) the diode starts working in a saturation mode and hence PCE and 
output DC power stop improving. (The selected diode for this rectifier (HSMS2850) is 
sensitive and although it could work reasonably up to 0 dBm, it is more suitable and efficient 
for power levels < −20 dBm.) 
In order to better analyse the effect of multi-tone excitation, a power gain factor (Gp) has been 
introduced which is defined by eqn. 5.1 [69]. This factor demonstrates the power gain 
achieved with N-tone signal regarding to the one-tone case:  
 
Gp = 10*LOG (
௉ీి	ಿష೅ೀಿಶ		
௉ీి	భష೅ೀಿಶ  )               (5.1) 
 
Figure 5.22 depicts the calculated power gain (based on Figure 5.20) and clarifies that at very 
low ambient power levels (−50 to −30 dBm) there is a significant improvement in Gp by 
applying multi tones. However, at higher power levels (e.g. −10 dBm), Gp improvement is 
insubstantial by applying multi tones due to the diode saturation effect.  
As an example, for the seven-tone case, the gain is around 20 dB and 15 dB at 0.01 µW (−50 
dBm) and 0.1 µW (−40 dBm) respectively compared to the one tone case. 
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Figure 5.22 Power gain as a function of Input RF power over െ50 to െ10 dBm (0.01 to 100 μW).  
(The input power range corresponds to the signal level of each tone). 
 
 
5.4.1.5   Real Environmental Measurements of the FM Rectifier 
 
As proved in the previous sections, the rectifier could produce higher DC power in presence 
of various tones (which is the case in ambient RF energy scavenging) in comparison with a 
case when only one tone is available. Hence, in order to demonstrate a more realistic 
approach, environmental measurements were also performed in three suburbs of Melbourne, 
Australia. This is in accordance to the previous investigation results from Chapter 3. 
Figure 5.14 (b) shows one of the field measurements on the roof of the RMIT University. A 
broadband discone antenna was connected to the rectifier to perform the measurement. Real 
environmental measurement results are provided in Table 5.3 and demonstrate the feasibility 
of ambient RF energy scavenging from the FM frequency band.  
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The proposed rectifier has a 22 % fractional bandwidth, and hence several RF source 
frequencies can be scavenged within FM band.  
It is evident that the combination of very low RF power levels (e.g. similar to those listed for 
RMIT University in Table 5.3) can turn on the proposed sensitive rectifier and generate 
around 7.22 μW of DC power. Furthermore, DC power of 196 μW can be achieved in the 
suburb of Bayswater, which has stronger ambient RF signals. 
 
Table 5.3 Real Environmental Measurement Results of the FM Rectifier 
Suburb Available Frequencies 
(MHz) 
Respective Available RF Power (dBm) [µW] Measured 
DC Power 
(µW) 
 
 
Bayswater 
88, 89, 91, 92  
93, 94, 95 
96, 97 
100 
101, 102, 103 
104, 105 
107, 108, 109, 110, 111 
െ20 [10], െ20 [10] , െ20 [10] , െ20 [10]  
െ11 [79.43], െ11 [79.43], െ11 [79.43] 
	െ11[79.43], െ11[79.43] 
െ14 [39.8] 
െ15 [31.62], െ15 [31.62], െ15 [31.62] 
 െ15 [31.62],െ15 [31.62] 
െ33 [0.5], െ33 [0.5], െ33 [0.5], െ33 [0.5],	െ33 [0.5] 
196 
 
 
 
Dandenong 
 
89 
90 
93, 94, 96 
100, 101, 102 
103, 104, 105 
106, 107, 108, 109 
െ25 [3.16] 
െ12 [63.09] 
െ14 [39.81],	െ14 [39.81],	െ14 [39.81] 
െ22  [6.3],	െ22  [6.3],	െ22  [6.3] 
െ22  [6.3],	െ22  [6.3],	െ22  [6.3] 
െ15 [31.62], െ15 [31.62], െ15 [31.62] 
97.3 
 
 
RMIT University 
(Melbourne CBD) 
89 
90  
91 
92 
93 
94 
95, 96, 97, 98 
99, 100 
101, 102, 103, 104 
105,106, 107 
108, 109, 110 
െ20 [10] 
െ27 [1.99] 
െ38 [0.15] 
െ45 [0.03] 
െ20 [10] 
െ27 [1.99] 
െ28 [1.58], െ28 [1.58], െ28 [1.58], െ28 [1.58] 
െ32 [0.63], െ32 [0.63] 
െ33 [0.5], െ33 [0.5], െ33 [0.5], െ33 [0.5] 
െ33 [0.5], െ33 [0.5], െ33 [0.5] 
െ46 [0.025], െ46 [0.025], െ46 [0.025] 
7.22 
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5.5 Embedded FM Rectenna in Plaster  
 
In order to provide a sustainable and inexpensive energy source in urban environments, the 
practicality of embedding the RF energy harvesting system in building materials is 
investigated. Firstly the proposed rectifier is encased in plaster with a dielectric constant  
εr ≈ 2 and it was also sandwiched within a plasterboard panel as shown in Figure 5.23 (a) and 
(b). The plaster dielectric constant was measured using the Nicolson-Ross method [125]. In 
evaluating the performance of the rectifier encapsulated in the plaster, under identical input 
conditions as detailed in Section 5.4, it was found that its performance was maintained.  
To further evaluate the performance of a plaster encapsulated rectenna, a simple dipole 
antenna was also embedded and its reflection properties were measured (See Figure 5.24). 
The dipoles reflection coefficient is detailed within Section 5.5.1 below. Finally, the proposed 
embedded rectifier and dipole antenna are integrated together to realise a rectenna system 
embedded in plaster board (Figure 5.23 (c)). 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
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Figure 5.23 (a) Embedded rectifier in plaster and (b) sandwiched in plasterboard. (c) Embedded rectenna in 
plaster board. 
 
 
5.5.1 Reflection Coefficient of the Antenna   
A simple dipole antenna with a gain of ~1.2 dBi is fabricated to be integrated with the 
rectifier and to realise a proof of concept of a rectenna. The |S11| of the antenna was measured 
before and after embedding in a plaster board and the results are depicted in Figure 5.24. It is 
demonstrated that the antenna is matched within the desired frequency band. However, it 
should be noted that the antenna was not optimised for this frequency band and has a lower 
fractional bandwidth of around 16% (88-104 MHz) compared to the rectifier with 22% 
fractional bandwidth (89-111 MHz). Furthermore, after embedding the antenna in a plaster 
board the matched bandwidth decreased to around 13 % (90-103 MHz) which is due to the 
adverse effects of plaster on the antenna. The antenna could be designed with the plaster; 
however, this is not the scope of this thesis. 
 
 
 
 
Embedded        
Dipole Antenna 
Embedded Rectifier 
Plaster Board Output
(c) 
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Figure 5.24 Measured |S11| as a function of frequency for the dipole antenna, before and after embedding in 
plaster. 
 
 
5.5.2 Output DC Power of the Embedded Rectenna in Plaster 
 
The proposed rectifier was then integrated with the dipole antenna, so various RF frequency 
sources can be harvested within the FM band. The rectenna was embedded in a plaster board 
(Figure 5.23 (c)) and its DC output in response to the entire range of input powers was 
measured. Measurements were again conducted using a broadband discone antenna as a 
transmitter. Taking into account the free space path loss (around −20 dB in this case), 
appropriate power levels were generated and applied to the transmitting antenna to deliver a 
received power range of approximately −50 to −10 dBm (0.01 to 100 µW) at the input of the 
rectenna. 
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Figure 5.25 shows the measured output DC power of the proposed embedded rectenna in 
plaster. A measured DC power of 40 µW and 0.11 nW can be generated with a single tone 
input of −10 dBm (100 μW) and −50 dBm (0.01 μW) respectively at 96 MHz.  
The measurements of the complete embedded rectenna showed a similar output DC power 
and efficiency to that of the rectifier evaluated in Section 5.4 (as shown in the Figure 5.17 and 
Figure 5.18). Detailed efficiency values of the embedded rectenna in plaster are provided in 
Table 5.4. The measurement results indicate that the proposed highly sensitive rectenna is 
matched over a broad range of input power and can operate at power levels as low as −50 
dBm (0.01 µW), exhibiting improved performance over previously published works for low 
power density levels. Table 5.4 compares this work to Chapter 4 results and previous 
published works. 
 
 
 
Figure 5.25 Measured output DC power as a function of input RF power with a single tone excitation at  
96 MHz for the proposed embedded rectenna in plaster. 
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Table 5.4 RF Energy Scavengers Comparison 
 
* Based on the efficiency graph  and  main text, the efficiency is almost zero at low input power  
(<2 µW) which indicates a maximum sensitivity of −27 dBm. 
* * Efficiency values are measured in laboratory and correspond to the embedded rectenna in the plaster. 
 
 
 
 
Ref. Sensitivity Measured Efficiency (%) RF Power Variation 
(in PCE evaluation) 
Frequency 
Range 
Rectification 
Technique 
Rectification 
Device 
[94] −19.3 dBm 9.1 @−19.3 dBm  (900MHz) 
 
8.9 @−19 dBm    (2GHz) 
−19.3 dBm 
(900MHz) 
 
−19 dBm 
(2GHz) 
870-940 MHz 
 
 
1920-2030 MHz 
Dual 
resonator 
CMOS 
 
[88] ≈ −27 dBm* 0    @  <2  µW    (1.27 MHz) 
28  @  23  µW    (1.27 MHz) 
 
2.5 to 23 µW 1.27 MHz 
 
Auto-
transformer 
Diode 
[100] 10−5  
mW/cm2 
0.1 @  5×10−5 mw/ cm2 
20  @ 0.07 mW/cm2 
10−5 to 10−1 mW/cm2 
 
2-18 GHz Broad band Schottky 
diode 
 
Chapter 
4  
−40 dBm 54.3 @ −10 dBm 
(490 and 860 MHz) 
11.25@ −18 dBm 
(490 and 860 MHz) 
 
−40 to −10 dBm 
     (0.1 to 100 µW) 
(478-496 MHz 
and 
852-869 MHz) 
 
Dual resonator Schottky 
diode 
 
This 
Work** 
−50 dBm  1.1   @ 0.01 µW     (96 MHz) 
1.4   @ 0.1 µW      (96 MHz) 
  3     @ 0.5 µW      (96 MHz) 
  6     @ 1    µW      (96 MHz) 
11    @  2.5 µW     (96 MHz) 
16    @  5    µW     (96 MHz) 
22    @  10  µW     (96 MHz) 
28    @  20  µW     (96 MHz) 
40    @ 100 µW     (96 MHz) 
−50 to −10 dBm 
   (0.01 to 100 µW) 
FM band 
(89-111 MHz) 
Broad band 
(not ultra-
wideband) 
Schottky 
diode 
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5.5.3 Real Environmental Measurements of the Embedded Rectenna in Plaster 
 
Similar to the previous section, environmental measurements were performed in three 
suburbs and the results are summarised in Table 5.5. It should be highlighted that, since the 
embedded rectenna in plaster has a lower fractional bandwidth (13%) compared to the 
rectifier circuit (22%), a lower amount of power could be harvested with rectenna. Therefore, 
improved results can be obtained with a specifically designed antenna. However, these field 
measurement results show that RF energy harvesting systems integrated in buildings provide 
a promising solution as a sustainable and stable energy source for low power applications 
within urban environments. 
 
Table 5.5 Environmental Measurement Results of the Embedded Rectenna in Plaster. 
Suburb Available Frequencies  in the 
Matched FM Frequency Band 
(MHz) 
Respective Available RF Power (dBm) [µW] Measured DC 
Power (µW) 
 
Bayswater 
(outdoor) 
91, 92 
93, 94, 95 
96, 97 
100 
101, 102, 103 
െ20 [10], െ20 [10] 
െ11 [79.43], െ11 [79.43], െ11 [79.43] 
 െ11 [79.43], െ11 [79.43] 
െ14 [39.8] 
െ15 [31.62], െ15 [31.62], െ15 [31.62] 
175 
 
Bayswater 
(indoor) 
91, 92 
93, 94, 95 
96, 97 
100 
101, 102, 103 
െ21 [7.94], െ21 [7.94] 
െ20 [10], െ20 [10], െ20 [10] 
െ20 [10], െ20 [10] 
−17[19.95] 
െ20 [10], െ20 [10], െ20 [10] 
68 
 
Dandenong 
90 
93, 94, 96 
100, 101, 102, 103 
െ12 [63.09] 
െ14 [39.81], െ14 [39.81], െ14 [39.81] 
െ22  [6.3], െ22  [6.3], െ22  [6.3], െ22  [6.3] 
78.2 
 
RMIT 
University 
(Melbourne 
CBD) 
90, 91, 92 
93, 94 
95, 96, 97, 98 
99, 100 
101, 102, 103 
െ27 [1.99], െ38 [0.15], െ45[0.03] 
െ20 [10], െ27 [1.99] 
െ28 [1.58], െ28 [1.58], െ28 [1.58], െ28 [1.58] 
െ32 [0.63], െ32 [0.63] 
െ33 [0.5], െ33 [0.5], െ33 [0.5] 
4.15 
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90 mm 
5.6 Realistic Case Analysis 
 
In order to estimate the total harvested DC power by the proposed RF energy harvesting 
system in a typical building, a realistic case is analysed. Hence, total number of rectennas 
could be embedded in building materials (Figures 5.26 and 5.27) is estimated. In order to 
verify the findings, two RF energy harvesting scenarios have been taken into consideration; 
outdoor and indoor (Figure 5.1 and Figure 5.2). 
 
 
 
 
 
Figure 5.26 Embedded rectenna in roof tile. 
 
 
 
 
 
 
 
332 mm 
280 mm 
          90 mm 
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Figure 5.27 Embedded rectenna in plaster board. 
. 
 
 
5.6.1 Number of rectennas per Building (e.g. house) 
 
An average house size in Melbourne, Australia is approximately 250 metre-squared and the 
average roof size was assumed to be around 250 metre-squared and the ceiling height is 
around 2.5 metres which also indicates each wall height (Figures 5.28 and 5.29). Obviously, 
apartments provide more wall areas than houses and hence more power could be harvested 
from the embedded rectennas in walls. 
 
 
DC
DC 
Plaster
Rectenna
Ambient RF signals
Plaster
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Figure 5.28 Typical land size (≈roof dimension). 
 
 
 
 
 
 
 
Figure 5.29 Typical wall dimensions. 
15.8 m 
15.8 m 
2.5 m 
15.8 m 
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It should be noted that, the work size of a standard roof tile is around: Length=332 mm, and 
Width=280 mm (Figure 5.26) [129] and the work size of a standard plaster board is: 
Length=2.4 m, Width=1.2 m (Figure 5.27). In order to verify the findings, two scenarios have 
been taken into consideration; outdoor and indoor. 
 
5.6.1.1 Outdoor Scenario (Embedded Rectennas in Roof Tiles) 
 
Considering the outdoor scenario (Figure 5.2), a flat roof tile is selected since it has a simple 
design and unique striated surface, and would make it a popular choice for all kinds of roofs. 
As previously mentioned, each roof tile surface area is around 0.332 × 0.280 =0.093 m2 
(around 10.8 tiles can be mounted per metre-squared). Hence, around 2700 tiles can be 
mounted on the roof of a 250 metre-squared house, which means totally 2700 rectennas can be 
embedded in roof tiles. It should be noted that the rectenna’s thickness is less than 2 mm and 
hence, it can be easily embedded in a roof tile. 
Total number of embedded rectennas in the roof tiles= 2700 
250 m2 /0.093 m2 ≈ 2700      (10.8×250=2700) 
 
5.6.1.2 Indoor Scenario (Embedded Rectennas in Wall and Ceiling Plaster 
Boards) 
 
Considering indoor scenario (Figure 5.1 and Figure 5.2), rectennas can be embedded in wall 
and ceiling plaster boards. The surface area of each plaster board is around 2.4 × 1.2 =2.88 m2. 
Hence, around 86.8 plaster boards are required to cover the ceiling of a 250 metre-squared 
house.  
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250/2.88=86.8 
Since each plaster board can accommodate at least 50 rectennas, total number of embedded 
rectennas in the ceiling plaster boards is 4340: 
50 × 86.8=4340 
In order to calculate the total wall area of the 250 metre-squared house, it was assumed a 
quarter of two walls are occupied by windows and doors, hence, 
Wall #1 surface area:    15.8 × 2.5 = 39.5 m2   (See Figure 5.29 for wall dimensions) 
Wall #2 surface area:   15.8 × 2.5 =39.5 m2 
Wall #3 surface area:  (15.8 − (15.8/4)) × (2.5−2.5/4) =22.21 m2 
Wall #4 surface area:  (15.8 − (15.8/4)) × (2.5−2.5/4)=22.21 m2 
 
Hence, the number of plasterboards required to cover indoor walls are defined as follows:  
(The surface area of each plaster board is around 2.4 ×1.2 =2.88 m2)  
Number of plaster boards of wall #1      39.5/ 2.88 = 13.7 
Number of plaster boards of wall #2       39.5/ 2.88 =13.7 
Number of plaster boards of wall #3       22.21/2.88=7.7 
Number of plaster boards of wall #4       22.21/2.88=7.7 
Total number of plaster boards of inner walls=43 
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Assuming each plaster board can accommodate at least 50 rectennas, total number of 
embedded rectennas in inner walls plaster boards: 43×50=2125 
Hence, total number of indoor rectennas (ceiling and walls): 4340+2125=6465 
 
5.6.2 Approximate Amount of Harvested Power for a Typical Building 
 
As can be seen in Table 5.5, based on the real environmental field measurement, a single 
embedded rectenna in plaster is able to generate approximately 175 µW from outdoor RF 
signals and 68 µW from indoor RF signals (in the suburb of Bayswater). Hence, approximate 
amount of DC power could be harvested from all the embedded rectennas in building materials 
(outdoor and indoor) is calculated as follows. 
 
5.6.2.1  Outdoor Scenario: 
 
Total number of outdoor rectennas (embedded rectennas in the roof tiles) is equal to 2700. 
Hence, approximate amount of harvested DC power (e.g. in the suburb of Bayswater): 
2700×175=472500 µW ≈ 473 mW 
 
5.6.2.2  Indoor Scenario: 
 
Total number of indoor rectennas (embedded rectennas in the ceiling and wall plaster) is equal 
to 6465. Hence, approximate amount of harvested DC power (e.g. in the suburb of Bayswater): 
6465×68=439620 µW ≈ 440 mW 
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Therefore, total amount of harvested DC power for a 250 metre-squared house from outdoor 
and indoor RF signals can be estimated (e.g. in the suburb of Bayswater):  
472.5+439.62 ≈ 912 mW 
 
It is worth to highlight that, these calculations shows the amount of DC power which can be 
produced instantly. Hence during day and night the total harvested DC power will be increased 
significantly and could be stored in a super capacitor or a battery. Therefore, RF energy 
harvesting has the potential to generate a viable energy source in urban environment 
(predominately for low power applications), cleanly, safely and cheaply. 
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5.7 Conclusion 
 
The feasibility of harvesting ambient EM energy from television and FM broadcasting 
frequency bands are investigated in this chapter. The proposed sensitive and efficient RF 
scavengers operate at 520-590 MHz and 89-111 MHz bands and present desirable impedance 
matching over broad low input power ranges of −40 to −10 dBm (0.1-100 µW) and −50 to 
−10 dBm (0.01-100 µW) respectively, enabling the harvesting of RF energy in urban 
environments. The achieved high sensitivity and dynamic range shows the usefulness of this 
new very low input power rectification method. The characteristics of the proposed rectifiers 
in this chapter are summarised in Table 5.6. 
Furthermore, apart from the rectifiers’ performance, the practicality of embedding RF energy 
harvesting systems in building materials is investigated, aiming to provide a sustainable, 
green and inexpensive energy source in urban environments. To address this, the proposed 
FM rectifier is integrated with a simple dipole antenna to realise a rectenna. The rectenna is 
then embedded into building materials (plaster), creating an innovative harvesting system. A 
realistic case is also presented to estimate the total amount of DC power that could be 
harvested from outdoor and indoor RF signals for a typical building.  
Simulation results of the input reflection coefficient and output DC power agreed well with 
the measurements. The proposed sensitive FM rectenna takes the advantage of harvesting 
energy over a broad frequency band. It was shown that it could generate higher DC power 
than using different separate single frequency rectifiers operating at the same frequencies 
with very low input powers (<2 µW). Sensitive Schottky diodes and a highly efficient 
broadband matching network result in a sensitivity of −50 dBm (0.01 μW) for the proposed 
FM band rectenna, which has not been reported previously. This is achieved by scavenging 
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multiple RF signals and delivering more power to the rectification device, hence harvesting 
very low density ambient signals. 
The output DC power from seven input frequency tones simultaneously fed to the FM 
scavenger, exhibits improved sensitivity and output DC power over the single tone excitation. 
It is proved that broadening the bandwidth (not ultra-widening) enhances the RF to DC 
conversion efficiency, and hence the rectified DC power for low power applications in urban 
environments (e.g. home and office devices). 
 
 
 
Table 5.6 Specifications of the Proposed Rectifiers (without plaster) 
 
RF 
Scavenger 
Sensitivity 
(dBm) 
RF power variation 
(in PCE evaluation) 
Efficiency (%) Frequency 
Range 
(MHz) 
Rectification 
Technique 
Rectification  
Device 
TV band 
Rectifier 
−40 −40 to −10 dBm 
(0.1 to 100 µW) 
(Simulated) 
 
53 @ 100 µW 
 
520- 590 Broad bandwidth 
(12.6 % Fractional 
Bandwidth) 
Schottky diode 
 
FM band 
Rectifier 
−50 −50 to−10 dBm 
 
(0.01 to 100 µW) 
(Measured) 
 
  1.4    @ 0.01µW 
1.6   @ 0.1 µW 
3.2   @ 0.5 µW 
  6.2   @ 1    µW 
12    @  2.5 µW 
17    @  5    µW 
23    @  10  µW 
29    @  20  µW 
41    @ 100 µW 
89-111 Broad bandwidth 
(22% Fractional 
Bandwidth) 
Schottky diode 
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Chapter 6 - Multi-tone Excitation Analysis in RF Energy 
Harvesting Systems 
 
 
 
 
 
6.1 Introduction 
 
As proved in Chapter 4 and 5, the rectifier can produce a higher amount of DC power when 
multiple tones of various frequencies (in the matched frequency bands) are applied at the 
input of the rectifier or exist in ambient signals. 
In Chapter 4, a new approach to evaluate the RF to DC conversion efficiency in the case of 
multiple tones was proposed; “effective efficiency” was defined as the ratio of output DC 
power to the available input RF power rather than the power delivered to the diodes 
(available power level is associated with the signal source).  
For example, for a single tone excitation, the available input power is −10 dBm and the 
delivered power is also −10 dBm (assuming no loss). However, by applying two tones the 
power delivered to the diodes is close to −7 dBm (combined total input power from two 
signal generators) but the available power in ambient is still −10 dBm. Hence, in “effective 
efficiency” calculation where two tones of −10 dBm are applied, the input power was 
considered as −10 dBm.  
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In order to determine the true efficiency of the rectifier for the case of multi-tone excitation, 
the input power should be constant regardless of the number of tones. This was not the case 
in Chapters 4 and 5 as they were dealing with ambient cases in which there is no control over 
the input power.  
For more clarity, the DC output power of the rectifier when one tone of −10 dBm is available 
at the input can be compared with the output of the rectifier when two tones of −13 dBm or 
three tones of −14.77 dBm or four tones of −16.02 dBm are available at the input, since in all 
these cases the total combined input power is the same (−10 dBm).	
It is worthwhile to mention that, in the WPT (wireless power transmission) scenario, it has 
been demonstrated theoretically and experimentally [69] that applying a multi-tone signal 
with a constant total input power level to the rectifier circuit, results in an increased output 
power over the single-tone excitation (with the same input power) due to a higher PAPR 
(peak-to-average power ratio) of the multi-tone signal. However, various parameters should 
be taken into consideration during the design phase, such as signal bandwidth, tone spacing, 
and phase arrangement, which are unknown and hence, out of the control in an ambient 
energy scavenging scenario. Furthermore, the achieved outcomes [69] are exclusively valid 
for the proposed rectifier circuit and cannot be generalised. 
In this chapter in order to facilitate the comparison between single tone and multiple tones, 
regardless of the number of excited tones, the total input power is kept constant in all cases. 
Hence, the effect of applying multi tones with different phases and frequency spacing on the 
DC output of the rectifier will be investigated. To address this, frequency domain (harmonic 
balance) and time domain analyses are conducted. Furthermore, measurements are performed 
to verify the findings. 
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6.2 Circuit Topology for Multi-sine Excitation Analysis 
 
Figure 6.1 depicts the FM rectifier which was used for multi-sine analysis in Chapter 5. The 
red circles indicate the points where simulation and measurements were carried out (for both 
voltage and current). 
 
Figure 6.1 Schematic of the FM rectifier. The optimised values of the standard chip components are: C1=30 pF, 
L1=150 nH, C2=33 pF, C3=82 pF, L2=150 nH, C4=24 pF, C5=160pF, L3=82 nH, C6=62 pF, C7=82 pF, 
L4=560 nH, C8=150 pF, C9=3.6 pF, C10=1 nF, C=430 pF, R=18 KΩ.                                                            
(Here, I2 refers to I_ probe2 which is the current over C10.) 
 
6.3 Harmonic Balance (HB) Analysis 
 
In order to demonstrate the effect of multi-signal excitation on the output DC power of the 
rectifier, various concurrent tones (in the matched FM frequency band) are applied to the 
circuit using Agilent ADS software. In the measurement case, multi-tones are generated 
simultaneously with different signal generators, summed using a power combiner, and passed 
to the rectifier.  
As it was demonstrated in Chapter 5, the proposed rectifier circuit with 22% fractional 
bandwidth is well-matched within 89-111 MHz over a broad low input power range of െ50 
to െ10 dBm (0.01-100 µW). Furthermore, Figure 6.2 illustrates the frequency response of the 
rectifier and indicates that it has a similar output DC power (i.e. efficiency) at the selected 
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frequencies between 94-99 MHz (due to the diode characteristics); hence, a fair comparison 
between various tones can be performed. 
 
 
Figure 6.2 Output DC power versus frequency for the FM rectifier circuit at different input power levels. 
Various frequencies from 94 to 99 MHz with similar output were selected for multi-sine analysis. 
	
The following sub-sections demonstrate the output DC power of the rectifier with various 
concurrent input tones over a broad range of input power −40 to −10 dBm (0.1 to 100 µW) 
with various frequency spacing between input signals. As discussed earlier for the purpose of 
this study, in all cases the input power (Pin) is kept constant (eqn. 6.1). Hence, the input 
power is the same for both the single-tone and multi-tone case (N refers to the number of 
tones).   
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P in= P1+P2+P3+………..PN                      (6.1) 
 
6.3.1 Harmonic Balance Analysis and Measurement Results for Multi-
tones with 1MHz Frequency Spacing over −40 dBm to −10 dBm (0.1 
µW to 100µW)  
 
Various tones within the matched frequency band with 1 MHz frequency spacing (94-99 
MHz) were applied to the rectifier and the output DC power was analysed. Figure 6.3 depicts 
the output voltage that can be obtained from various simultaneous tones. The output voltage 
across the load is then used to calculate the output power (Figure 6.4). 
 
 
(a)
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Figure 6.3 Output DC voltage as a function of input RF power for single-tone and multi-tone excitations with 
constant total input power over −40 to −10 dBm. Six frequencies from 94-99 MHz with 1 MHz spacing are 
applied to the FM rectifier. (a) Simulation. (b) Measurement. 
 
 
 
 
 
 
(b)
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Figure 6.4 Simulated and measured output DC power as a function of input RF power for single-tone and multi-
tone excitations with 1 MHz frequency spacing from 94-99 MHz over –40 to –10 dBm (0.01-100µW). 
 
Measurement results and HB analyses show that applying multi-tones with a constant input 
RF power results in a lower output DC power when compared to the single-tone case with the 
same input power. In order to understand the phenomena, various cases are analysed in the 
following sub-sections. 
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6.3.2 Harmonic Balance Analysis for Multi-tones with 0.5 MHz 
Frequency Spacing		
 
In this case, eight tones with 0.5 MHz frequency spacing (94-97.5 MHz) were applied to the 
rectifier and the output DC power is depicted in Fig 6.5. 
 
 
Figure 6.5 Simulated output DC power as a function of input RF power for single-tone and multi-tone 
excitations with 0.5 MHz frequency spacing. 
 
As shown, when eight tones with a total input power of 100 µW (−10 dBm) (which means 
12.5 µW (−19 dBm) each), with 0.5 MHz spacing are applied to the rectifier, approximately 
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half of the output DC power (21 µW) can be generated when compared to the single tone of 
100 µW (−10 dBm). 
 
6.3.3 Harmonic Balance Analysis for Multi-tones with 0.01 MHz 
Frequency Spacing  
 
In this case, eight tones with 0.01 MHz frequency spacing (94-94.07 MHz) were applied to 
the rectifier and the output DC power is depicted in Figure 6.6. 
 
 
Figure 6.6 Simulated output DC power as a function of input RF power for single-tone and multi-tone 
excitations with 0.01 MHz frequency spacing. 
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As demonstrated in all the above cases, multi-tone excitation with constant input power levels 
and various frequency spacing, results in a lower output DC power when compared to the 
single-tone case with the same input power. Furthermore, the effect of changing the 
frequency spacing was insignificant. This is due to the diode characteristic and the matching 
performance which are similar at the selected frequencies. However, further analysis needs to 
be performed in the time domain. 
 
6.4 Time Domain Analysis 
 
Time domain (TD) analysis is performed to investigate the reason for obtaining a lower 
amount of output DC power when increasing the number of tones (as seen in the previous 
section). Therefore, delivered voltage/current to the rectification device and also output 
voltage/current of the rectifier are evaluated (these points are shown in Figure 6.1). 
Time domain analysis for single-sine and multi-sine excitations with varying frequency 
spacing and input power levels (Pin is constant in each case) are conducted. Phase variation 
has also been evaluated, however, it did not have a significant change in analysis results, and 
hence the phase is assumed to be zero.   
Figure 6.7 demonstrates time domain analysis of the rectifier with single-tone (a) and multi-
tone (b-d) excitations. Comparing Figure 6.7 (a) and (b), show TD analysis of the rectifier 
with one tone and four-tone excitations respectively with total input power of −20 dBm. It is 
demonstrated that although, applying various tones simultaneously results in a higher peak 
value of the current (I_probe 2), the total average output DC voltage (Vo) reduces, as was 
shown in Section 6.3 (HB analysis). 
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For more clarity, by comparing one-tone (Figure 6.7 (a)) and ten-tone excitation (Figure 6.7 
(d)), in the multi-tone, the total output voltage is dropped from 176 mV (with one tone) to 
122 mV (with ten tones) with total input power of −20 dBm at the input in both cases.  
It is worthwhile to highlight that in Figure 6.7, the spacing between the two peaks (in µsec) 
corresponds to the beat frequency which shows the difference between various tones (in this 
case frequency spacing is 0.5 MHz). 
It should be noted that by selecting a higher value output capacitor, the ripple at the output 
will be smoother by removing the beat frequency; however, simulation time increases and 
also the matching network performance can be effected. 
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6.4.1 Time domain Analysis with 0.5 MHz Frequency Spacing and Total 
Input Power of −20 dBm  
 
a) 1 tone of −20 dBm (10 µW) 
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b) 4 tones of −26.02 dBm (total of −20 dBm) 
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c) 8 tones of −29 dBm (total of −20 dBm) 
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d) 10 tones of −30 dBm (total of −20 dBm) 
 
 
 
Figure 6.7 Time domain analysis for single-tone and multi-tone excitations with 0.5 MHz frequency spacing and 
total input power of −20 dBm. (a) 1 tone of −20 dBm. (b) 4 tones of −26.02 dBm.  
(c) 8 tones of −29 dBm. (d) 10 tones of −30 dBm. 
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As illustrated in Figure 6.7, with one tone of −20 dBm, 176 mV output DC voltage could be 
achieved, while by applying eight concurrent tones of −29 dBm (same total input power of 
−20 dBm), 123 mV was generated, which is in agreement with the HB and measurement 
results (Section 6.3). 
Furthermore, in order to draw a conclusion, different cases were analysed such as: 
 TD Analysis with 0.1 MHz Frequency Spacing and Total Input Power of −20 dBm.  
 TD Analysis with 0.5 MHz Frequency Spacing and Total Input Power of −10 dBm.  
 TD Analysis with 0.5 MHz Frequency Spacing and Total Input Power of −40 dBm.  
 TD Analysis with 0.5 MHz Frequency Spacing and Total Input Power of −50 dBm.  
 TD Analysis with 1 MHz Frequency Spacing and Total Input Power of −10 dBm. 
 TD Analysis with 1 MHz Frequency Spacing and Total Input Power of −20 dBm. 
 TD Analysis with 1 MHz Frequency Spacing and Total Input Power of −30 dBm.  
 
In all the above cases, similar outcomes were achieved as depicted in Figure 6.7. 
In order to investigate the reason for obtaining a lower amount of output DC power with the 
multi-tone excitation, the performance of the voltage doubler topology (the dashed circuit in 
Figure 6.1) should be analysed. As it was explained in Chapter 4, this topology was used to 
enhance the sensitivity and the efficiency of the rectifier circuit.  
The performance of the voltage doubler depends on the input RF signal (delivered signal to 
the voltage doubler). However, as demonstrated in Figure 6.7 (b-d) for the multi-tone cases, 
the waveform changes (I_probe 2 plots) and is not a conventional sine wave; hence the 
operation of the voltage doubler is effected, which results in a lower output voltage.  
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6.5 Conclusion 
 
This chapter discussed the effect of multi-tone excitation on the output DC response of the 
FM rectifier. In order to facilitate the comparison between single tone and multiple tones, 
regardless of the number of excited tones, the total input power was kept constant in all cases. 
Hence, the effect of applying multi-tones with various factors (e.g. frequency spacing, input 
power, and random phase) was analysed. Frequency and time domain analyses were 
conducted and measurements have been performed to clarify the findings.  
It was demonstrated that, applying multi-tones simultaneously (with constant total input 
power and within the matched frequency band) results in a lower total average output 
voltage/power, when compared with single-tone case with the same input power. This trend 
was evident down with different frequency spacing, input power levels, and phase 
arrangements.  
The reason for obtaining a lower amount of output DC power with the multi-tone excitation 
was the change in the signal waveform. In multi tone case, the input waveform (input of the 
voltage doubler) was not a conventional sine wave; hence the operation of the voltage 
doubler was effected, which results in a lower output voltage/power.  
This analysis led us into future works which are explained in Chapter 7. 
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Chapter 7 – Conclusions and Future Work 
 
 
 
 
7.1 Conclusions 
 
The aim of this thesis was to investigate the feasibility of RF energy scavenging and to 
develop highly sensitive and efficient RF harvesting method and system. The ultimate goal 
was to generate a viable energy source in urban environments, predominately for low power 
applications (e.g. home and office devices). 
This research study has demonstrated the possibility of scavenging very low-density ambient 
RF signals from various frequencies and has advanced the body of knowledge in the field of 
RF energy scavenging. It is believed that RF energy harvesting is a promising technique to 
provide a sustainable energy source for the long-term conservation of the environment and 
the global economy. 
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7.1.1 Chapter 3 – RF Field Investigation and Maximum Available 
Power Analysis 
 
The aim of this chapter was to explore the feasibility of harvesting ambient EM energy in 
metropolitan areas of Melbourne, Australia, which has not been reported previously. Several 
RF field measurement results were collected and averaged to establish a comprehensive 
database. Hence, the usable frequency ranges with their associated scavengeable power levels 
were determined in this chapter. Furthermore, maximum available power analysis for different 
frequency bands based on antenna aperture and number of antennas in a given collecting area 
was provided to estimate the potential of RF energy harvesting. 
This chapter identified three important conclusions;  
 
1. The scavengeable levels of ambient RF power have been shown to be orders of 
magnitude lower than previous published works.  
2. It was presented that the scavengeable power level is generally unknown, incoherent 
and effected by environmental/free-space conditions such as; the distance from the 
power source to a rectenna, propagation losses (free-path and attenuation), and the 
antenna orientation (polarisation). 
3. Broadcasting frequency ranges such as; FM and TV at 88-108 MHz and  
470-890 MHz respectively have been shown as preferred power-scavenge sources due 
to their suitable level of the ambient power at a variety of locations. Furthermore, 
cellular and wireless communication systems (800-1000 MHz) have recommended as 
alternative power scavenge sources.  
 
Chapter 7 – Conclusion and Future Work 
 
168 
 
This chapter also presented different rectenna configurations, and an optimum approach was 
proposed based on the field measurement outcomes. The solution was to identify and harvest 
multiple ambient frequency sources over their realistic available energy range in order to 
increase the amount of RF energy scavenged by a rectenna. 
The investigations and analysis of this chapter enable the design of an appropriate RF 
rectifier circuit based on the real environmental cases. The outcome of this chapter built up 
the baseline knowledge of low power RF harvesting which was the foundation for the 
proceeding chapters. 
 
7.1.2 Chapter 4 – Multi-Service Highly Sensitive Rectifier  
 
Based on the recommendation of previous chapter, the feasibility of harvesting ambient EM 
energy from multiple sources simultaneously was investigated in this chapter. The proposed 
dual resonant rectifier was found to be most effective when operating a two frequency bands 
(478-496 and 852-869 MHz) simultaneously, which are allocated to Australia broadcasting 
and cellular systems.  
The dual resonant rectifier achieved favourable impedance matching over a broad low input 
power range (−40 to −10 dBm) at these two bands. The measurement results demonstrated 
that a two-tone input into the proposed dual-band RF energy harvesting system can generate 
3.14 and 7.24 times more power than a single tone at 490 and 860 MHz respectively, 
resulting in a measured effective efficiency of 54.3% for dual input tones of −10 dBm. 
Therefore, delivering multiple RF signals into a single rectification stage resulted in high 
sensitivity rectifier, which is widely applicable to real environmental RF energy scavenging. 
This multi-band technique could provide higher DC power than combining two separate 
single frequency rectifier circuits operating at the same frequencies. This was due to the fact 
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that harvesting RF energy from various sources simultaneously increased the delivered power 
to the rectifier, which improved the diode conversion efficiency and consequently enhanced 
the output DC power. 
In order to provide more realistic measurement results, the dual-band rectifier was tested in 
three suburbs of Melbourne, Australia, congruent with the finding of Chapter 3. The proposed 
highly sensitive rectifier has 3.67% and 2% fractional bandwidth at the lower and the higher 
band respectively and hence, various RF source frequencies can be scavenged within these 
two bands. It was shown that the rectifier could generate 39.38 µW by harvesting RF energy 
from two bands simultaneously in the suburb of Bayswater. 
	
7.1.3 Chapter 5 – Highly Sensitive Rectenna Embedded in Building 
Materials 
 
As it was recommended in Chapter 4, harvesting energy over a wider frequency band (not 
ultra-wideband) could increase the sensitivity and hence the output DC power of the rectifier. 
This was achieved in this chapter by scavenging more RF signals and delivering more power 
to the rectification device through a broadband matching network (up to 22%), hence 
harvesting very low density ambient signal. 
This chapter presented the feasibility of harvesting ambient EM energy from television and 
FM broadcasting frequency bands, congruent with the outcomes from Chapter 3. The 
proposed sensitive and efficient RF scavengers could operate at 520-590 MHz and  
89-111 MHz bands and presented desirable impedance matching over broad low input power 
ranges of −40 to −10 dBm and −50 to −10 dBm respectively, enabling the harvesting of RF 
energy in urban environments. 
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The proposed sensitive FM rectenna with 22% fractional bandwidth, took the advantage of 
harvesting more energy over a broad frequency band and generated higher DC power than 
using different separate single frequency rectifiers operating at the same frequencies with 
very low input powers (<2 µW). Sensitive Schottky diodes and a highly efficient broadband 
matching network with low insertion loss resulted in a sensitivity of −50 dBm (0.01 μW) for 
the proposed rectenna, which has not been reported previously. It was also demonstrated that, 
a single tone excitation delivers a measured power conversion efficiency of 41% at −10 dBm.  
The output DC power from seven input frequency tones simultaneously fed to the RF 
scavenger, demonstrated improved sensitivity, and output DC power over the single tone 
excitation. It was proved that, one rectifier which was able to capture N signals of different 
frequencies simultaneously performed better than N single frequency individual rectifies 
operating at the same frequencies (at very low input power levels <2 μW). 
Furthermore, the practicality of embedding RF energy harvesting systems in building 
materials was investigated, aiming to provide a sustainable, green, and inexpensive energy 
source in urban environments. To address this, the proposed FM rectifier was integrated with 
a simple dipole antenna to realise a rectenna. The rectenna was then embedded into building 
materials (plaster), creating an innovative harvesting system. In order to verify the findings, 
both laboratory and real environmental measurements were conducted. Based on the 
environmental measurements of the embedded rectenna in plaster, 175 μW of DC power was 
achieved (in the suburb of Bayswater). Furthermore, the combination of very low RF power 
levels (e.g. at RMIT University), could turn on the proposed sensitive rectenna and generate 
4.15 μW of DC power. 
A realistic case was also presented to estimate the total amount of DC power that could be 
harvested from outdoor and indoor RF signals for a typical building. As it was estimated for a 
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typical building in the suburb of Bayswater, around 912 mW DC power could be harvested 
from outdoor and indoor RF signals. 
 
7.1.4 Chapter 6 – Multi-tone Excitation Analysis in RF Energy 
Harvesting Systems 
 
In order to determine the true efficiency of the rectifier for the cases of multiline excitations 
and also to facilitate the comparison between single tone and multiple tones, the input power 
should be constant regardless of number of tones. Hence, this chapter investigated the effect 
of multi-tone excitation (with constant total input power) on the output DC response of the 
FM rectifier. The effect of applying multi tones with various factors such as; different 
frequency spacing, low input power levels, and random phase arrangement were analysed. To 
address this, frequency and time domain analyses were conducted and measurements have 
been also performed to clarify the findings.  
It was demonstrated that applying multi tones simultaneously within the matched frequency 
band and with a constant total input power resulted in a lower total average output 
voltage/power when compared with single-tone case for the same input power level. It was 
found that this was mainly due to the change in the signal waveform. In multi tone case, the 
input waveform was not a conventional sine wave; hence the operation of the voltage doubler 
was effected, which results in a lower output voltage. This trend was evident down with 
different frequency spacing and phase arrangements. 
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7.2 Future Work 
 
 
Below provides a list of several opportunities for potential future work:  
 
 As a result of Chapter 4, RF energy scavenging from multiple sources simultaneously 
enhances the rectifier sensitivity and PCE by delivering more input RF signals into a 
single rectification stage. Furthermore, Chapter 5 proved the advantage of broadening 
(not ultra-widening) the bandwidth so multiple signals could be delivered to the diode 
hence, harvesting very low density ambient signals. Therefore, developing a multi-
broad-band rectifier circuit could be an optimum solution for ambient energy 
harvesting. One disadvantage of a broad-band rectifier is the large number of 
components (e.g. inductor and capacitor) that are required to achieve a multi-broad-
band matching network. It is suggested that a more integrated technique is required to 
reduce the ohmic and parasitic losses present in all of the devices. Multi-broad-band 
rectenna arrays could be also developed for enhanced RF energy harvesting in 
buildings. 
 Rectification device (e.g. Schottky diode) plays a significant role in the performance 
of the energy harvesting circuit. At very low input power (<−30 dBm), the use of 
Schottky diode can impact the PCE mainly due to its high zero-bias junction 
resistance and capacitance. Hence utilising more sensitive rectification devices could 
be investigated (e.g. spin diodes). 
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 The reason for obtaining a lower amount of output DC power with the multi-tone 
excitation (as demonstrated in Chapter 6) needs to be theoretically investigated.  
Furthermore, a mathematical method/model could be developed to predict the 
behaviour of the diode and output power when incoherent multi tones of various 
frequencies are available at the input. This model also enables to design RF energy 
scavenging circuits precisely according to the requirements and available RF signals 
in a real environment. 
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Appendix B
ADS Schematic - FM Band Rectifier (Chapter 5)
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